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Summary. A molecular dynamics study on proton motion and (double) proton transfer in the formic

acid dimer (FAD) and in 5,8-dihydroxy-1,4-naphthoquinone (DHN) is reported that has been

performed with the Projector Augmented Wave method (PAW). PAW trajectories were calculated

with a time interval of 0.12 fs, for evolution time periods up to 20 ps, and for temperatures in the

range 500±700 K. Two basic situations can be clearly distinguished: normal periods that correspond

to normal asymmetric O±H � �O hydrogen bonds, where the proton remains trapped at one oxygen

atom, and active periods that correspond to (near-)symmetric O � �H � �O hydrogen bonds, where the

proton undergoes large amplitude motions between the two adjacent oxygen atoms. Within the active

periods one may distinguish between isolated transitions, where a proton just moves from one to the

other oxygen atom, crossing-recrossing events, where a proton moves from one to the other oxygen

atom but almost immediately turns back, and shuttling periods, where a proton undergoes several

consecutive transitions. Moreover, one may also distinguish between single processes, where only

one O±H � �O group is involved, and double processes, where both O±H � �O groups are simul-

taneously involved. It is shown that a reasonable and descriptive understanding of the active

processes can be obtained by considering the time evolution of the potential energy that governs the

motion of the proton between the two adjacent oxygen atoms. A main difference between FAD and

DHN concerns the double proton transfer processes. In the ®rst case these are almost exclusively

simultaneous one-step processes, whereas in the second case these are mainly two-step processes,

i.e. two successive single transitions. This difference can be attributed to the fact that with DHN a

single proton transfer process yields the metastable 4,8-dihydroxy-1,5-naphthoquinone tautomer,

whereas with FAD single proton transfer does not result in a metastable intermediate.

Keywords. 5,8-Dihydroxy-1,4-naphthoquinone; Formic acid dimer; Molecular dynamics; Projector

Augmented Wave method; Proton transfer.

Protonentransfer im Dimer der AmeisensaÈure und in 5,8-Dihydroxy-1,4-naphthochinon: Eine

PAW-Molekulardynamik-Studie

Zusammenfassung. Mit Hilfe der Projector Augmented Wave-Methode (PAW) wurden Molekular-

dynamiksimulationen uÈber die Protonenbewegung und den Protonentransfer im Dimer der
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AmeisensaÈure (FAD) und in 5,8-Dihydroxy-1,4-naphthochinon (DHN) durchgefuÈhrt. PAW-Trajektor-

ien wurden mit einem konstanten Zeitintervall von 0.12 fs, uÈber ZeitraÈume von bis zu 20 ps und fuÈr

Temperaturen im Bereich 500±700 K berechnet. ZunaÈchst lassen sich zwei grundlegende Situationen

unterscheiden: normale Perioden, die einer normalen asymmetrischen O±H � �O-WasserstoffbruÈck-

enbindung entsprechen, bei der das Proton eindeutig an ein Sauerstoffatom gebunden ist, und aktive

Perioden, die einer annaÈhernd symmetrischen O � �H � �O-WasserstoffbruÈckenbindung entsprechen,

bei denen sich das Proton mit deutlich groÈûerer Amplitude zwischen beiden benachbarten

Sauerstoffatomen bewegt. Weiters kann man innerhalb der aktiven Perioden zwischen isolierten

UÈ bergaÈngen, bei denen das Proton von einem zum anderen Sauerstoff wechselt, crossing-recrossing-

Prozessen, bei denen sich das Proton ebenfalls von einem zum anderen Sauerstoff bewegt, aber sofort

wieder zuruÈckkehrt, und shuttling-Perioden, bei denen das Proton mehrere aufeinanderfolgende

UÈ bergaÈnge ausfuÈhrt, unterscheiden. DaruÈber hinaus laÈût sich noch zwischen Einzelprozessen, an

denen nur eine O±H � �O Gruppe beteiligt ist, und Doppelprozessen, an denen beide O±H � �O
Gruppen gleichzeitig beteiligt sind, differenzieren. Eine physikalisch sinnvolle und anschauliche

ErklaÈrung der aktiven Prozesse erreicht man durch die Betrachtung der zeitlichen Entwicklung der

potentiellen Energie, die die Bewegung des Protons zwischen den beiden Sauerstoffatomen

bestimmt. Soweit Doppel-Protonentransfer-Prozesse betroffen sind, besteht zwischen FAD und DHN

ein auffallender Unterschied. WaÈhrend diese im ersten Fall fast ausschlieûlich simultane

Einstufenprozesse sind, ®ndet man im zweiten Fall uÈberwiegend Zweistufenprozesse, das heiût, es

handelt sich um zwei aufeinanderfolgende EinzeluÈbergaÈnge. Dies laÈût sich dadurch erklaÈren, daû bei

DHN ein einfacher Protonentransfer zu einem metastabilen Zwischenzustand fuÈhrt (5,8-Dihydroxy-

1,4-naphtochinon), was bei FAD nicht der Fall ist.

Introduction

Recently, we have reported a Projector Augmented Wave (PAW) [1] molecular
dynamics study on proton motion and intramolecular proton transfer in
malonaldehyde [2, 3]. PAW is based on the direct molecular dynamics approach
of Car and Parrinello [4], which combines classical dynamics with quantum
mechanical forces and which yields full molecular dynamics at ®nite temperatures
on a picosecond time scale. Basically, since all nuclear motions are treated
classically, no quantum effects such as proton tunnelling or zero point motion are
taken into account. Hence, the PAW calculations establish a high temperature
approach for dynamic processes, where quantum phenomena are negligible or at
least less important (whereas common quantum mechanical studies that focus on
tunnelling effects rather correspond to a low temperature limit approximation).
Within the framework of the PAW approach, proton motion in malonaldehyde can
reasonably well be understood in terms of the full dynamics of the molecule: at
each moment (time step), the potential which governs the proton motion between
the two adjacent oxygen atoms, is determined by the current molecular geometry.
Three typical situations could be distinguished: (i) normal periods, in which the
proton remains ®rmly trapped at one oxygen atom, (ii) isolated transitions, where
the proton rapidly moves from one to the other oxygen atom, and (iii) shuttling
transition regions, where several consecutive proton transitions take place.

In the present paper we report PAW molecular dynamics studies on two more
complex systems that are capable of double proton transfer processes: the cyclic
formic acid dimer (FAD) and 5,8-dihydroxy-1,4-naphthoquinone (naphtazarine,
DHN). FAD (Fig. 1) belongs to the most extensively studied model systems for the
investigation of hydrogen bonded dimers and of intermolecular double proton
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transfer processes which play an important role in various ®elds of chemistry and
biochemistry. Structural and spectroscopic properties of FAD have been the subject
of extensive experimental [5±13] and theoretical [14±24] work. Nevertheless,
because of problems with the rather complex and poorly resolved spectra,
tunnelling splitting in FAD has never been observed experimentally so far.
According to theoretical studies, double proton transfer in FAD most likely takes
place by a simultaneous one-step mechanism via a D2h symmetric transition state
((1)!(1$2)!(2) in Fig. 1) [25±31].

For DHN (Fig. 2), which has been chosen as an example for intramolecular
double proton transfer systems, only minor experimental [32±40] and theoretical
[41±45] studies are available in the literature. According to IR and laser-induced
¯uorescence low-temperature matrix isolation investigations [36, 37], the C2v

symmetric 5,8-dihydroxy-1,4-naphthoquinone (5,8-DHN; (1) and (2) in Fig. 2)
represents the most stable con®guration. Recently, the possible isomers of DHN
and the transition states for proton transfer reactions (Fig. 2) have been
theoretically studied at the MP2/6-31G�//HF/6-31G level of theory [41].
According to this study, the C2h symmetric 4,8-dihydroxy-1,5-naphthoquinone
(4,8-DHN; (3) in Fig. 2) is also a (local) energetic minimum (�E� 37 kJ �molÿ1

relative to 5,8-DHN), whereas the most probable transition states for a single and
for a simultaneous double proton transition with Cs and D2h symmetries,
respectively, are saddle points (�E� 38 and 53 kJ �molÿ1). Based on these results,
the authors claimed that double proton transfer processes in DHN should rather
take place by a two-step mechanism involving the metastable 4,8-DHN isomer
((1)!(1$3)!(3)!(2$3)!(2) in Fig. 2).

In the following sections we give some computational details, present R(OH)
time evolutions to visualize the results of the PAW calculations and to distinguish
between different kinds of proton motion events, show potential energy time
evolutions that provide a basis for an understanding of the physical backgrounds
of the proton transfer processes, and ®nally discuss similarities and differences
between the two title compounds.

Fig. 1. Prototropic isomers and double proton transfer transition state of the cyclic

formic acid dimer (FAD)
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Methods

The PAW molecular dynamics simulations were performed for evolution time periods up to 20 ps

with constant time intervals of 0.1209 fs (5 a.u.). The temperature of the molecular dynamics runs

(between 500 K and 800 K) was controlled with the NoseÁ-Hoover thermostat [46, 47]. Perdew and

Zunger's [48] parametrization of the density functional, based on the results of Ceperley and Alder

[49], was used, and the generalized gradient corrections of Becke [50] and Perdew [51] were applied.

The basis set included plane waves with a cutoff of 30 Ry (� 39.4 kJ �molÿ1); the electron density

was represented with a cutoff of 60 Ry. The plane waves were augmented with s-type projector

functions for hydrogen atoms and with s-, p-, and d-type projectors for carbon and oxygen atoms. For

a comparison of the performance of the PAW calculations with other more common quantum

chemical methods, geometry optimizations were performed with the Gaussian92 [52] programs at

several levels of theory using the 6-31G(d,p) basis set throughout. Selected geometric and energetic

data are compiled in Tables 1 and 2 along with the corresponding zero temperature PAW values.

Tables 1 and 2 indicate that the hydrogen bond strengths may be slightly overestimated by the PAW

calculations and that our proton transfer barrier heights may be somewhat too low. Since we are

exclusively dealing with qualitative features and with a qualitative picture of the proton transfer

processes at ®nite temperatures, the accuracy should be suf®cient. What is more, we ®nd a very good

agreement between the experimental and the PAW calculated �(OH) frequencies (see below) which

gives strong evidence that our force ®elds should indeed be realistic.

Fig. 2. Prototropic isomers and proton transfer transition states of dihydroxy-naphthoquinone (DHN)
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Table 2. Selected bond distances (pm) and angles (�), and proton transfer barriers �E(kJ �molÿ1) of

DHN as obtained from theoretical data

HFa MP2a B3LYPa B3P86a PAW

(1)

O±H 95.2 98.7 0.99.6 100.1 102.9

H � �O 184.3 172.0 1.67.7 1.63.1 167.1

O� � �O 264.6 260.8 2.57.7 254.6 261.3

O±H� � �O 140 148 148 150 151

C±O 133.0 134.5 1.33.6 132.7 134.2

C=O 120.7 125.4 1.24.9 124.7 126.6

C� � �C 247.3 248.2 2.47.7 246.4 249.8

(3)

O±H 95.9 101.0 101.8 103.0 104.5

H � �O 179.7 159.9 157.9 151.6 163.1

O� � �O 261.9 253.3 252.1 248.0 259.9

O±H � �O 142 152 151 153 152

C±O 131.4 132.8 132.2 131.3 133.6

C=O 121.7 126.7 126.1 126.0 127.1

C� � �C 244.2 246.1 245.9 244.6 249.2

�E�E(3)ÿE(1) 43.8 29.5 19.1 16.5 13.1

�E�E(1$3)ÿE(1) 67.6 31.6 21.5 16.9 16.0

�E�E(1$2)ÿE(1) 125.5 49.0 35.1 26.3 20.0

a 6±31G(d,p) basis set

Table 1. Selected bond distances (pm) and angles (�), and proton transfer barriers �E( kJ �molÿ1) of

FAD as obtained from experimental and theoretical data

expa HFb MP2b B3LYPb B3P86b PAW

(1)

O±H 1.036 96.3 99.4 100.7 101.5 106.8

H � �O 1.667 183.1 171.2 164.4 157.6 143.4

O� � �O 2.703 278.9 270.5 265.0 259.1 250.2

O±H � �O 180 174 179 179 180 180

C±O 1.323 129.8 132.0 131.0 130.1 129.9

C=O 1.220 119.6 123.0 122.6 122.7 124.0

C� � �C 340.3 383.5 377.7 371.5 364.5

(1$2)

H � �O 118.8 120.5 121.0 120.4 122.5

O� � �O 237.6 240.9 241.9 240.8 244.9

O±H � �O 179 178 179 178 177

C O 124.2 126.9 126.5 126.1 127.0

C� � �C 349.9 353.7 354.6 353.3 359.0

�E�E(1$2)ÿE(1) 80.1c 69.6 34.3 22.5 15.6 8.9

a Geometric data from electron diffraction measurements[13]; b6±31G(d,p) basis set; cestimated from

NIR measurements of �(O±H) overtone bands [12]
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Results and Discussion

PAW trajectories

In Fig. 3, selected cuts of time evolutions of the two R(OH0) and the two R(OH00)
distances are shown for FAD (time period: 3.4 ps, temperature: 700 K) and for DHN
(time period: 2.7 ps, temperature: 500 K). At ®rst glance one can clearly distinguish
between two fundamental situations: normal periods, where the two R(OH)
trajectories are well separated from each other (see also Fig. 4a), and active
periods, where the two R(OH) trajectories show one or more cross over points (see
also Figs. 4b±h). Within the normal periods the proton remains trapped at one
oxygen atom and undergoes a stationary motion that corresponds to the �(OH)
stretching mode of a normal, clearly asymmetric O±H � �O hydrogen bond. The
vibrational amplitude is typically 100 pm, and the average frequencies are 80 THz
and 84 THz (2800 and 2700 cmÿ1) for FAD and DHN, respectively. In contrast,
within the active periods the proton undergoes large amplitude motions between
the two adjacent oxygen atoms, with an amplitude of typically about 300 pm.

Closer inspection of the trajectories reveals that the processes within the active
periods are largely variable, stochastic events. Selected examples are shown in
Fig. 4 by blow-ups of the time evolutions of the R(OH0) and R(OH00) distances. For
a phenomenological description, to a ®rst approximation the active periods can be
classi®ed according to two main criteria. First, according to the number of cross-

Fig. 3. Time evolutions of the R(OH) distances of FAD (top) and DHN (bottom)
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Fig. 4. Time evolutions of the R(OH) distances showing (a) a normal period (DHN), (b) a con-

secutive single proton transfer process (DHN), (c) a successive single proton transfer process (DHN),

(d) a successive double proton transfer process (DHN), (e) a single concerted crossing-recrossing

event (DHN), (f) a single proton shuttling period (DHN), (g) a simultaneous double proton transfer

(FAD), and (h) a double proton shuttling period (FAD)



over points we can distinguish between (i) isolated proton transfer processes (Figs.
4b±d,g) where the proton just moves from one to the other oxygen atom (one cross
over point, O±H � �O!O � �H±O), (ii) crossing-recrossing processes (Fig. 4e)
where the proton moves from one to the other oxygen atom but almost immediately
goes back to the ®rst oxygen (two cross over points, O±H � �O!O � �H±O!O±
H � �O), and (iii) shuttling periods (Figs. 4f, h), where the proton undergoes several
consecutive transitions (three or more cross over points, O±H � �O!O � �H±O!
O±H � �O!O � �H±O!!). Second, according to the number of O±H � �H groups
that are simultaneously active we can distinguish between (i) single processes
(Figs. 4b±f) where only one O±H � �O group is involved and (ii) double processes
(Figs. 4g±h) where both O±H � �O groups are simultaneously involved. To be sure,
these classi®cations are neither unambiguous nor do they account for the full
variety of the observed processes, but they provide a reasonable basis for the
following discussions.

Geometric considerations

In a foregoing study on malonaldehyde [2±3] it has been shown that from a
geometrical point of view normal and active periods are mainly characterized by
long and short R(O� � �O) distances, respectively, although there exists no well
de®ned borderline which could serve as a necessary or a suf®cient criterion for a
clear cut distinction. The very same is true for FAD and DHN: the average
R(O� � �O) distances within the normal regions amount to 272 pm and 263 pm,
whereas the average R(O� � �O) distances of the cross-over points are 248 pm and
239 pm, respectively. From an analysis of the geometric data by statistical methods,
several additional geometric parameters could also be determined which on
average show more or less systematic differences between normal and active
periods. In summary, however, it is not possible to reliably discriminate between
normal periods and (cross-over points of) active periods by purely geometric
arguments, i.e. there are no de®nite requirements for activity to take place, and the
individual active periods may be associated with largely different geometries.

Energetic considerations

Previously it has been shown [2±3] that a reasonable and descriptive understanding
of the driving forces that govern the motion of the proton between the two adjacent
oxygen atoms can be obtained by considering potential energy time evolutions
(E(�, t)). Some selected examples are shown in Figs. 5±7 by staggered plots of
consecutive (�t� 2.4 fs) potentials E(�)t. The single potentials E(�)t (i.e. the single
time frames) were calculated by taking the corresponding PAW geometries, ®xing
all atoms (except the proton under consideration), moving the proton stepwise
along a proper proton transfer reaction coordinate, �� (R(O1H) � cos�(O2O1H))/
R(O1O2), and optimizing the proton position at each step. The potential E(�)t

obtained by such a point to point calculation represents the energetic precondition
for a hypothetical, in®nitely rapid proton transfer for the molecular geometry just
given at that time step. Finally, the complete potential energy time evolution E(�,t)
(i.e. the staggered plots) illustrates the energetic situation as experienced by the
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proton on the ¯y which permanently changes due to the dynamically changing
molecular geometry. In Figs. 5±7, such potential energy time evolutions E(�,t) are
shown by pairs of staggered plots (�t� 2.4 fs) along with the actual proton
motions as obtained from the PAW trajectories (indicated by circles). Additionally,
the time evolutions of the R(OH) distances are shown; each vertical line
corresponds to the equally numbered time frame of the plot.

Figures 5a and 5b show nine and eight snapshots (total time periods: 19.2 and
16.8 fs) of an isolated double proton transfer process in FAD and of an isolated
single proton transfer process in DHN, respectively. The time evolutions E(�, t) for
the active protons (H0 and H00 for FAD, H0 for DHN) start with normal, strongly
asymmetric potentials, whose minima are located at one oxygen atom; then they
change to broad, (near-)symmetric single-minimum or shallow double-minimum
potentials, and end with again strongly asymmetric potentials with the minima now
being located at the other oxygen atom. As to the protons, at the beginning they are
®rmly attached to one oxygen atom; then, following the E(�, t) gradient, they
rapidly move towards the other oxygen, where they ®nally remain trapped.

Figure 6a shows 21 snapshots (48 fs) of a double proton shuttling period in
FAD, Fig. 6b shows 15 snapshots (33.6 fs) of a single proton shuttling period in
DHN. Like isolated processes, shuttling periods are also associated with broad,
(near-)symmetric single-minimum or shallow double-minimum potentials. The

Fig. 5. Time evolutions of E(�) potentials (time interval between consecutive frames: 2.42 fs; the

circles indicate the actual proton positions) and corresponding time evolutions of the R(OH)

distances for (a) an isolated double proton transfer process (FAD) and for (b) an isolated single

proton transfer process (DHN)
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main difference is that in the ®rst case the normal asymmetric potential is readily
re-established, whereas in the latter case the abnormal (near-)symmetric potential
persists for a longer time period, thus leading to the observed large-amplitude
proton motions. In Fig. 7, as a ®nal example, an outstanding crossing-recrossing
process in FAD is shown (10 snapshots, 21.6 fs) where the potential remains clearly
asymmetric during the whole period. In this case the observed large amplitude
proton motion obviously results from an accidental, exceptionally large kinetic
energy of the proton, as already indicated by the abnormal large elongation in

Fig. 6. Time evolutions of E(�) potentials (time interval between consecutive frames: 2.42 fs; the

circles indicate the actual proton positions) and corresponding time evolutions of the R(OH)

distances for (a) a double proton shuttling period (FAD) and for (b) a single proton shuttling period

(DHN)

1040 K. Wolf et al.



frame 2. This clearly shows that the proton motion is not only governed by the
potential E(�, t), but also by kinetic factors, i.e. by the proton's momentum.

From the above discussion, the physical backgrounds of the proton motion, as
obtained by the PAW calculations, may be summarized as follows. (i) At any given
time step, the potential energy E(�)t that governs the proton motion between the
two adjacent oxygen atoms is determined by the current molecular geometry,
which on its part is determined by the full dynamics of the molecule. Basically, the
proton motion is not rigorously determined, but (only) governed by the potential
E(�)t, since the actual motion also depends on the current kinetic energy (the
momentum) of the proton. (ii) On average, the normal periods correspond to
normal, clearly asymmetric O±H � �O hydrogen bonds, i.e. the average geometries
are similar to those of the stable isomers of the two compounds ± (1) and (2) ± and
E(�)t is an asymmetric potential with the minimum clearly located at one of the
two oxygen atoms in which the proton undergoes a normal �(O±H) stretching
vibration. (iii) On the other hand, on average the active periods correspond to
(near-)symmetric O � �H � �O hydrogen bonds, i.e. the average geometries are
similar to those of the proton transfer transition states of the two compounds ±
(1$2), (1$3), and (2$3) ± and E(�)t is a broad, (near-)symmetric single- or
double-minimum potential in which the proton can undergo large amplitude

Fig. 7. Time evolutions of E(�) potentials (time interval between consecutive frames: 2.42 fs; the

circles indicate the actual proton positions) and corresponding time evolutions of the R(OH)

distances for a crossing-recrossing process (FAD)
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motions between the two adjacent oxygen atoms. This motion rather corresponds
to a quasi-stationary �(O � �H � �O) stretching vibration than to consecutive single
proton transfers.

FAD versus DHN

Based on the above classi®cation and on the physical backgrounds of active
processes, we ®nally focus on similarities and/or differences between the two title
compounds. With FAD we mainly ®nd two different situations (about 90%),
isolated double proton transfer processes and single crossing-recrossing processes,
whereas double and single proton shuttling periods are rather scarce (about 10%)
and single proton transfer processes are totally absent. For the double proton
transfer processes (Fig. 4g), the delay between the two proton motions, as
measured by the difference between the two cross-over points, ranges from 0.1 to
11 fs, which gives justi®cation to talk about simultaneous or concerted one-step
processes (note that 12 fs corresponds to a normal �(OH) vibrational cycle).
Similarly, the crossing-recrossing events (Fig. 4e) are also concerted one-step
processes; the differences between the two cross over points are less than 12 fs in
all instances.

With DHN the situation is largely different and distinctly more complex. First
of all, simultaneous processes, i.e. double proton transfers and double proton
shuttling periods, are rather scarce (< 15%). Second, similar to FAD single proton
crossing-recrossing (Figs. 4b, c) comprises about 40% of the active periods;
however, the differences between the two cross-over points range typically from 10
to 30 fs, i.e. most of them are distinctly larger than with FAD, and in an extreme
case we found a delay of as much as 220 fs. This means that with DHN crossing-
recrossing not only takes place as clear cut concerted one-step process, as is the
case with FAD, but also as successive two-step process (with many additional cases
in-between). Consistently, we also ®nd successive two-step double proton transfer
processes (> 10%); they start with an isolated single proton transition at one
O±H � �O group followed by a second isolated proton transition at the other
O±H � �O group (Fig. 4d). Quite noticeable, the delay between the two transitions
is always rather large; it ranges from 30 to 270 fs. Finally, the remaining 25% of the
active periods of DHN comprise single proton shuttling periods (Fig. 4f).

The observed differences between FAD and DHN can reasonably well be
understood by considering the (zero temperature) energies and stabilities of the
prototropic isomers, (1)� (2) and (3), and of the proton transfer transition states,
(1$2) and (1$3)� (2$3), (Figs. 1 and 2). For FAD, quantum chemical
calculations yield the two equivalent minimum energy structures (1) and (2), and
the D2h symmetric double proton transfer transition state (1$2) which is a saddle
point (Table 1), whereas the single proton transfer product (3) is not a stationary
state (i.e. is not a local minimum). Consequently and consistently, proton transfer
processes (almost) exclusively take place by a concerted one-step mechanism that
simultaneously involves both O±H � �O groups: (1)!(1$2)!(2). What is more,
single processes that involve only one O±H � �O group are almost exclusively
restricted to concerted crossing-recrossing events where the proton undergoes a
large amplitude vibration for just one cycle, which means that situations which
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cause single proton activity are highly unstable and persist for very short time
periods only.

With DHN the situation is distinctly different. Quantum chemical calculations
show that besides the two global minima (1) and (2) the product of a single proton
transfer reaction (3) is also a minimum on the PES (i.e. 4,8-DHN is a metastable
tautomer), and the transition states for single proton transfer (1$3) and (2$3) are
also saddle points (Table 2). What is more, at all levels of theory the energies of the
different species increase within the series (1)� (2) < (3) < (1$3)� (2$3) <
(1$2). Consequently, single proton transfer processes should be energetically
preferred over (simultaneous) double proton transfer processes. Quite consistently,
the majority of active processes observed within the PAW trajectories of DHN are
single processes that are con®ned to only one O±H � �O group and involve the
single proton transfer transition states (1$3)� (2$3) and the metastable isomer
(3): one- or two-step crossing-recrossing events, consecutive two-step double
proton transfer processes, and single proton shuttling. In outstanding cases the
meastable prototropic isomer (3) remains stable for more than 200 fs. On the other
hand, because of the high energy of the double proton transfer transition state
(1$2), concerted double proton transfer or double proton shuttling processes are
rather scarce.

Conclusions

The PAW molecular dynamics studies about proton motion and proton transfer in
FAD and in DHN reported in this paper on the one hand largely con®rm the results
of a foregoing study on malonaldehyde [2, 3]. On the other hand, since the two
compounds under consideration are capable of double proton transfer, the present
study should further contribute to the understanding of these processes.

At ®rst glance, within the PAW trajectories we can distinguish between normal
and active periods. In the former case, a proton remains ®rmly attached at one
oxygen atom, in the latter case a proton undergoes large amplitude motions
between the two adjacent oxygen atoms which may (but not necessarily must)
result in proton transfer. From a geometric point of view there exist no de®nite
requirements for proton activity to occur, but on the average, within the active
periods the R(O� � �O) distances are distinctly shorter (by about 25 pm) than within
the normal periods.

Within the active periods we ®nd isolated transitions (one transition:
O±H � �O!O � �H±O), crossing-recrossing events (two transitions: O±H � �O!
O � �H±O!O±H � �O), and shuttling periods (several consecutive transitions:
O±H � �O!O � �H±O!O±H � �O!O � �H±O!!). We also ®nd single and
double processes that involve only one or (simultaneously) both O � �H � �O groups
respectively, and we can also distinguish between concerted one-step processes and
successive two-step processes.

A reasonable and descriptive understanding of the driving forces behind the
proton motion can be obtained by considering time evolutions of the potential that
governs the motion of the proton between the two adjacent oxygen atoms. Normal
periods are associated with asymmetric potentials with the minimum clearly
located at one of the two oxygen atoms, as they are characteristic for normal,
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clearly asymmetric O±H� � �O hydrogen bonds, whereas active periods are
associated with broad, (near-)symmetric single- or double-minimum potentials,
as they are characteristic for (near-)symmetric O� � �H� � �O hydrogen bonds.

An apparent difference between the two title compounds concerns the
mechanism of double proton transitions. With FAD these are almost exclusively
simultaneous one-step processes, whereas with DHN these are preferably two-step
processes (i.e. two successive single proton transitions). This difference can
reasonably well be attributed to the fact that single proton transfer in DHN yields
the metastable 4,8-DHN, the energy of which is safely below the double proton
transfer transition state, whereas with FAD the double proton transfer transition
state is the only saddle point, and single proton transfer does not yield a metastable
intermediate state.
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