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The structure of protonated acetylene C,H,+ was investigated through a series of ab initio 
simulations that treat all nuclei as either classical or quantum particles. This makes it 
possible to probe separately the effects of quantum and thermal fluctuations on the 
molecular structure of this floppy molecule. The simulations show that the quantum 
ground state of C,H,+ is best pictured as a quasi-planar bridged structure with anisotropic 
delocalization of the protons due to zero-point quantum effects. Comparison with high- 
temperature simulations suggests that recent Coulomb explosion imaging data that led 
to a different conclusion did not probe the ground state of the fluxional molecule C,H,+. 

M a n y  molecules can be associated with a 
rigid structure for which the  atomic mo- 
tions within the lno lec~~le  can be under- 
stood as small vibrations around this well- 
defined molec~rlar structure. Important ex- 
ceptions to  this rule are the so-called flux- 
ional or floppy molecules. In  these cases the  
amplitudes of the intramolecular motion 
are so large that nuclear positions can be- 
come ill-defined. Such large-amplitucle mo- 
tions can be activated by temperature or by 
quantum effects. T h e  study of such mole- 
cules poses severe experilnental and theo- 
retical challenges (1).  A n  i~nportant exam- 
ple where there is considerable controversy 
is the  case of protonated acetylene, C2H,+ .  
Recent Coulolnb explosion imaging (CEI) 
experiments (2)  have suggested a different 
ground-state structure from that found in 
spectroscopic (3-5) and quantum chemical 
studies (6-8) ,  and a Car-Parrinello ah ini- 
tio simulation (9)  with classical nuclei sug- 
gested a high degree of proton mobility a t  
room temperature. 

T h e  quantum chemical calculations (6-  
8 )  based o n  high-level theory have led to  
the  conclusion that the  global minilnum o n  
the  potential energy surface of C2H,' cor- 
responds to a bridged structure, also termed 
the  "nonclassical" carboniurn structure 
(10).  It is characterized by an  essentially 
linear H-C-C-H backbone, with the  third 
(bridging) proton forming a nearly equilat- 
eral triangle with the  two carbon atoms [a 
three-center bond ( I@)] .  Another  low-en- 
ergy structure has a Y-shaped "classical" 
vinyl cation structlrre ( l o ) ,  with a linear 
H-C-C fragment and two protons forming 
a triangle with the remaining carbon. Both 
structures possess C2, symmetry and are pla- 
nar. T h e  best available estimate (6 )  for the 
energy difference between these structures 
is 4.2 kcalimol ( 4 . 1 8  eV),  with a n  esti- 

Max-Planck-lnst~tut fur Festkorperforschung Heisen- 
bergstrasse I ,  70569 Stuttyart. Germany. 

-To whom correspondence should be addressed 

mated overall uncertainty of at most i 1 
kcalimol due to the annroximate treatment 

L. 

of electron correlation and the  use of finite 
one-particle basis sets. Advanced infrared 
(3) and millimeter (4,  5 )  spectroscopy 
clearly favor a bridged structure subject to 
nroton tunneling, and the  deduced rota- -, 

tional constants (3,  4 )  as well as the  barrier 
height (5 )  agree with theoretical predic- 
tions for the  bridged structure. 

T h e  CEI experiment ( 2 )  has strongly 
challenged this established nicture. In  CEI - 
(1 I ) ,  valence electrons get stripped off a 
lnolecule rapidly when it passes through a 
th in  film. This initiates a n  "exvlosion" of 
the  ~nolec~rlar  constituents, which is mainly 
driven bv unscreened internuclear Cou- 
lomb fordes. T h e  instantaneous molecular 
configuration a t  the  moment of the  explo- 
sion has to be inferred indirectly from the 
detected velocities. Nevertheless, CEI is the  
most direct exnerilnental techniaue to de- 
termine molecular structures (1 1) .  In  the  
case of floppy molecules, one can argue (1 2) 
that ro-vibrational excitations mieht effec- - 
tively average over several distinct struc- 
tures; however, the  reliable assessment of 
such effects proves difficult (1 3) .  T h e  most 
recent CEI data (2)  indicated that the 
ground-state structure of C2H3+ differs 
markedly from the traditional planar bridged 
and Y-shaved geometries. Instead, a trans- - 
bend nonplanar structure with a "proton 
orbiting o n  a cyclic migration path around 
the C-C axis" was proposed. O n  the  other 
hand, room temperature ab initio simula- 
tions (9)  with classical nuclei indicated that 
C2H,+ is floppy, with the protons permutat- 
ing cyclically among the axial and bridging 
positions by means of Y-like structures, but 
they did not support the CEI picture (2)  of 
a proton orbiting around the C-C bond. 

Stimulated by this controversy, we un- 
dertook a quantuln silnulation study of 
C,H,'. Our  research differs in several im- 

L ,  

portant ways from the  earlier standard Car- 
Parrinello siln~rlations (14,  15)  of floppy 

molecules ( 9 ,  16) ,  where the  nuclei were 
approxi~nated as classical particles subject 
to  thermal fluctuations onlv. First. the  cru- 
clal energy d~fference between the  bridged 
and Y-shaved structures IS close to the best 
quantum chemical estlmate (6 ) ,  whereas 
the value 1.2 kcalimol of (9)  is clearly 
outside the  theoretical bounds 16). Second. ~, 

at low temperatures, which are relevant if 
the auestion of the  ground-state structure of 
c~H;' is to be adzessed, zero-point quan- 
tum motion and proton tunneling are likely 
to become decisive nhenomena and cannot 
be neglected. This regime is now accessible 
by ab initio path integral lnolecular dynam- 
ics (17,  18) ,  where the interactions be- 
tween quantum nuclei are simultaneously 
determined from electronic structure calcu- 
lations for each configuration in the Born- 
Oppenheimer approximation. T h e  nuclei of 
C2H,+ are treated as distinguishable quan- 
tum particles within Feynman's path inte- 
gral formulation of auantum statistical me- " 

chanics, which leads to efficient numerical 
schemes (19,  20). In our approach (1 7) such 
effects as tunneling o n  the  Born-Oppenhei- 
mer surface and ro-vibrational coupling are 
automatically included. However, symmetry 
restrictions o n  the  population of rotational 
levels and nonadiabatic electronic effects 
are not taken into account. In  addition to 
the  simulations with quantum nuclei, we 
investigated systematically the exclusive in- 
fluence of thermal fluct~rations with classical 
(standard) ab initio simulations (14,  15) a t  
temveratures ranging from 5 to  5000 K. " - 

W e  have used a cubic simulation box 
(with a box length of 18 atomic units) 
without neriodic boundarv conditions to  
avoid &ifacts in the dharged system. 
Norm-conserving pseudopotentials re- 
placed the core electrons, and the valence 
orbitals were expanded in plane waves up to 
35 rydberg. Using the  local density approx- 
imation of the  Kohn-Sham density func- 
tional theory (15) ,  we obtained C2H3+ ge- 
ometries (21) in good agreement with 
quantum chemical data ( 6 ,  8 ) .  Most impor- 
tantly, the energy difference (3.6 kcalimol) 
was within the  bounds of the  best theoret- 
ical estimate 16) 14.2 1 1 kcallmol). Two . . 
independent ab initio path integral simula- 
tions [see (17) for ~nethodological details], 
starting from topologically different config- 
urations, were conducted a t  5 K for 10,600 
and 31,200 steps with a 32-bead discretiza- 
tion as the  usual approximation to the  con- 
tinuum limit of the  path integral, which is 
exnected to renresent essentiallv the  auan- 
tu; ground staie of the moleculi (18).  k o t h  
runs yielded nearly indistinguishable results 
w h e ~  analvzed sevaratelv, which indicates , , 
that we have sampled the configuration 
space exhaustively. Consequently, we have 
taken into account both runs for obtaining 
the  presented quantum statistical averages. 
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The most extensive standard Car-Parrinello 
simulations (14, 15) with classical nuclei 
were performed at 5,200,1000, and 3000 K 
with 45,000 (6.5 ps), 160,000 (23.2 ps), 
180,000 (26.1 ps), and 270,000 (39.2 ps) 
configurations, respectively. 

In Fig. 1 the nuclear density is projected 
onto the plane spanned by the carbon atoms 
and the most distant proton. In the classical 
simulation at 5 K (Fig. lA), the protons are 
highly localized around the equilibrium posi- 
tions of the bridged structure, and even at 200 
K we did not observe thermally activated 
proton exchange. The introduction of quan- 
tum effects at 5 K (Fig. 1B) induces tunneling 
and proton exchange among the preferred 
sites. These effects, however, only lead to an 
anisotropic broadening of the projection, and 
the nuclear density pattem still shows well- 
separated peaks at the axial and bridging sites. 
This is in contrast with the CEI data (2, 22) 
reported in velocity-space, where the distribu- 
tion at the bridging site was smeared out 
considerably and was connected to the axial 
sites by two welldeveloped ridges. We were 
able to obtain such a pattem directly in real 
space by increasing the temperature consider- 
ably in the simulation (see Fig., l C  for a 
classical simulation at 3000 K). From this 
projection alone one would again deduce that 
the structure is also bridged; however, we will 
show below that this is not the case and that 
strongly distorted nonplanar configurations 
are responsible for the significant broadening. 

We performed a detailed analysis of the 
nuclear distribution in terms of the special 

Fig. 1. Nuclear density projected onto the z-x 
plane spanned by the carbon atoms and the most 
distant proton, which defines the negativex direc- 
tion: The center of mass of the CC fragment is 
the origin, the z axis coincides with the CC axis, 
and the carbon density is reduced by a factor of 5 
as in (22). (A) 5 K, classical nuclei; (8) 5 K, quan- 
tum nuclei; and (C) 3000 K, classical nuclei. 

set of angular coordinates used in the CEI 
analysis (2), namely, the generalized coor- 
dinates (S, El, E,) [defined as the symme- 
trized combinations S = 8?= 1 cos Bi, El = 
(2 cos 0, - cos 0, - cos 0,)/VZ, and E2 = 
(cos 0, - cos 0 , ) / f i  based on the i = 1, . . ., 
3 polar angles (el, 02, O,)] and the two 
azimuthal angles +ij between protons i and j 
around the C-C axis: for each molecular 
configuration the z axis is chosen to be 
parallel to the C-C axis and passes through 
the origin at the molecular center of mass. 
To each molecular configuration corre- 
sponds then a point in the five-dimensional 
space (S, El, E,, +,,,- +,,). Following the 
data analysis in the CEI experiment (2), we 

-1.41 0 1.41-180" 0" 18P 

4 4% 
Fig. 2. Contour plot of the proton densities in the 
El-E2 plane (left side) and in the c$~,-c$,, plane 
(right side) at fixed values (S, El, E,). (A and 8) 5 K, 
classical nuclei [(B): at (O,O, 1.41 4)]; (C and D) 5 K, 
quantum nuclei [(D): at (O,O, 1.414)]; and (E and F) 
3000 K, classical nuclei [(F): at (0, 0, 1.3311. Note 
that the z axis of this coordinate system is, in 
general, not identical to the C-C axis. 

took account of the permutation symmetry 
and applied the same Gaussian convolution 
to our raw data to smooth down statistical 
fluctuations. 

Visualizing such a multidimensional dis- 
tribution is very difficult. Following the ex- 
perimental strategy (2), we first project the 
full distribution onto the El-E, plane. At 
the ~osition of one of the eauivalent max- 
ima -of this reduced distribution, which se- 
lects the most important configurations, we 
also present the complete angular resolu- 
tion in the +,,-+,, plane. In this represen- 
tation, the planar bridged minimum struc- 
ture subject to small amplitude (thermally 
.activated) vibrations leads to the patterns 
of Fig. 2, A and B, obtained at 5 K with 
classical nuclei. In particular, the maximum 
at (S, El, E,) - (0, 0, f i )  reflects the 
angular arrangement ( 4 ,  0,, 0,) - (90°, 0°, 
180") characteristic of the bridged mini- 
mum. Quantum effects (Fig. 2C) do not 
alter the El-E, projection substantially, but 
they do change the shape of the +,,-+,, 
distribution (Fig. 2D). This could result . u 
from large amplitude out-of-plane trans dis- 
tortions of the two axial protons. However, 
their magnitude can be determined directly: 
the root-mean-square (rms) fluctuations of 
the axial protons relative to the plane de- 
fined by the carbon atoms and the bridging 
proton are only Ay - 20.06 A. Also, the 
average polar angular deviation from the 
C-C axis is vew small. A0 = 5'. This is 
consistent with the presence of a wellde- 
fined maximum at (S, El, E2) - (0, 0, f i )  
with an essentially linear H-C-GH back- 
bone and the third proton located perpen- 
dicular to the C-C axis (23). We thus 
conclude that our quantum simulations at 5 
K. which reflect the ~ r o ~ e r t i e s  of the vibra- . . 
tional quantum ground state of C2H3+, cor- 
respond to a quasi-planar bridged structure, 
and that the average as well as the most 
probable geometries (24) are very close to 
the bridged minimum (21), subject to an- 

Fig. 3. Superimposed configurations obtained from the trajectories in three spatial dimensions; the 
reference frame is as defined in Fig. 1 . For clarity, we show only a set of representative configurations, and 
including more does not alter the pictures qualitatively. Two protons are colored blue and the third one is 
red. (A) 5 K, classical nuclei; (8) 5 K, quantum nuclei; and (C) 3000 K, classical nuclei. Note the complete 
localization of the protons in (A), the small fraction of planar Y-shaped structures and tunneling in (B), and 
the thermal spread in (C). 
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hartnonicity. Note  that this is a conserva- 
tive statetnent, because our energy differ- 
ence between the  bridged and the Y-shaped 
structures is somewhat smaller than the best 
theoretical estimate (6) .  

T h e  qualitative features of the 
distribution a t  3000 K (Fig. 2F) resetnble 
those obtained for the ground state (Fig. 
2D). However, the  magnitude of the  out- 
of-plane trans distortion has increase4 con- 
siderably a t  3000 K to hy * 1-0.23 A and 
A0 - 23". This is consistent with the qual- 
itative change of the El-E2 projection with 
increasing temperature: T h e  maximum at 
(S, E l ,  E,) -- (0,  0, a) IS shifted to about 
(0 ,  0,  1.33) at 3000 K (Fig. 2E). This cor- 
responds neither to the bridged nor to the  
Y-shaped structure, but rather to a distorted 
one with (€I1 ,  02 ,  0,) * (90°, 20°, 160"). 
Ignoring the important differences between 
our real space and the velocity space of CEI, 
which is smeared by multiple scattering, 
this is very close to  the  values (90°, 30°, 
150") inferred from CEI (2) .  In addition, 
the  features of Fig. 2E, with the  six peaks 
connected by saddle points at about half the  
peak height and the  (S, El ,  E,) peaks shift- 
ed away frotn (0,  0, ?fi), resemble those 
obtained from CEI (2).  Thus, we observe 
only at quite high temperatures the behavior 
attributed to the ground state of C2H3+ by 
CEI (2) .  Again, note that for a quantitative 
cornparison of our real space distributions 
with CEI data reported only in  velocity 
space, a sitnulation (1 1 ,  13) of the Coulotnb 
scattering process itself has to be carried out. 

W e  sumlnarize our main points pictorially 
by superimposing in Fig. 3 representative 
configurations obtained from the trajectolies 
of C2H3+.  T h e  resulting smearing is induced 
either by thermal or by quantum fluctuations 
of the tnolecular structure. As expected, the 
classical distribution at 5 K (Fig. 3 A )  is 
nearly indistinguishable from the planar 
bridged minimum structure. In the quantum 
ground state (Fig. 3B) the protons are main- 
ly localized around the bridged configura- 
tion in  Fig. 3 A  and exchange sites through 
tunneling. Thus, the quantutn ground-state 
structure of C2H3+ is best described as a 
quasi-planar bridged structure broadened 
significantly by anisotropic delocalization of 
the protons due to zero point motion. Ro- 
vibrational excitations at higher tempera- 
tures lead only to a broad distribution of 
nonplanar structures, including bridged and 
Y-shaped ones (Fig. 3C) .  

How does the scenario predicted by ab 
initio simulations cotnpare with the  CEI 
data? As  demonstrated, the  quantutn 
ground-state structure is clearly different 
from what was deduced from CEI (2) .  W e  
obtain, however, good agreement with the 
CEI data a t  high temperatures. This strong- 
ly suggests that CEI (2)  did not probe the 
quantum ground state of the  floppy tnole- 

cule C2H3+, bLlt an ensemble of ro-vibra- 14. R. Car and MM. Parrinello. Phys. Rev. Lett. 55. 2471 
(1 985). tionally excited This aspect 15, For reviews, see R, 0, Jones and 0, Gunnarsson, 

for further clarifications in view of the  ex- Rev. Mod. Phvs. 61,689 (1 9891: D. K. Remer and P. 
traordinary prospects of CEI to probe non- 
rigid molecular structures ( 1 1 ). 
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Controlled Room-Temperature Positioning 
of l ndividual Molecules: Molecular 

Flexure and Motion 
T. A. Jung, R. R. Schlittler, J. K. Gimzewski, 

H. Tang, C. Joachim 

Two-dimensional positioning of intact individual molecules was achieved at room tem- 
perature by a controlled lateral "pushing" action of the tip of a scanning tunneling 
microscope. To facilitate this process, four bulky hydrocarbon groups were attached to 
a rigid molecule. These groups maintained sufficiently strong interactions with the surface 
to prevent thermally activated diffusional motion, but nevertheless allowed controllable 
translation. Simulations demonstrated the crucial role of flexure during the positioning 
process. These results outline the key role of molecular mechanics in the engineering of 
predefined properties on a molecular scale. 

Nanofabrication combines nhvsical and 
L ,  

chemical processes to assemble structures on 
the molecular scale. Important eletnents of 
engineering at this level, such as the con- 
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trolled assembly of molecular arrays (su- 
pramolecular chemistry), require the posi- 
tioning and interlocking of intact molecules 
without disruption of their internal atomic 
structure. Scanned probe microscopy (SPM) 
( 1  ) combines the capability for manipulation 
of individual atoms and molecules with 
high-resolution imaging for determination of 
structure and orientation. Typically, manip- 
ulation has involved the breaking of atomic 
bonds through the use of voltage pulses, 
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