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The most probable structure of protonated acetylepel;C(the “vinyl cation”) is inferred from both
Coulomb-explosion experiments and finite-temperaglrénitio quantum simulations followed by simulations
of foil effects. It is found that gH3 features significant deviations from the planar bridged equilibrium
structure as well as from the planar Y-shaped local minimum structure, which are known from static electronic
structure calculations. In particular, the “axial protons” feature a significant out-of-gitane-bending due to
fluctuation effects. This implies that the nonplanarity has to be taken into account in theoretical treatments that
aim at describing this fluxional molecule.
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[. INTRODUCTION AND MOTIVATION most probable structures, and even to the width of the distri-
bution function along certain coordinates. As such, CEI ex-
What is the “structure” of a molecule? There are different periments truly complement spectroscopy in that they offer a
definitions of “molecular structure” as obtained either from “different view,” i.e., real space versus Hilbert space, of the
experiment or from theorjl—3]. Among them is the “equi- same molecule. However, a complication arises due to the
librium structure™r . that is determined from the minimum of fact that all primary information is given in “velocity space”
the electronic ground-state potential-energy hypersurfacgV-space. The so-calledv-space to “real-space”R-space
Although this structure is the one that is almost exclusivelytransformation has to take into account effects that occur
reported as a result of quantum-chemical geometry optimiduring the explosion process within the target f@+10].
zation calculations, it is not directly accessible in experi- In the case of “tame” molecules, such as methane or
ments. More realistic structural concepts are the “averageacetylene, the different structural concepts lead to qualita-
structure”(r) (obtained from suitably averaging distance ortively and often also quantitatively similar answers. Using
position operators using the many-body nuclear wave functhese two examples at hand, the situation changes radically
tion, most often in the quantum-mechanical rotational-once they become protonated to yield the .CBind GH;
vibrational ground stajeor the “most probable structura’>  molecules. Both belong to the class of so-called “flexible” or
(defined similarly, but based on the absolute maximum of théfluxional” molecules [11,17 that excert large-amplitude
nuclear density[3]. Spectroscopy, in particular infrared and motion. Here, strongly anharmonic zero-point motion in con-
microwave techniques, leads to the so-called Structure.”  junction with population of low-lying rovibrational states
It is traditionally obtained by converting measured rotationalleads to significant excursions from the equilibrium struc-
constants into distances between nuclei that are assumedftie. As a result, the average or most probable structures,
behave like point particles. More sophisticated approache®light be quite different from the equilibrium structure and
rationalize the measured energy levels of a molecule in termie theoretical “normal mode” or “local mode” concepts are
of a real-space structural model that best fits these spacingf very limited use only. Thus, it is crucial to be able to have
More recently, dramatic progress in determining more di-theoretical access to structures beyond the equilibrium struc-
rectly the real-space structure of molecules was made in thilre.
framework of Coulomb-explosion imagin@El) [4,5]. In In the case of gH; , an “important circumstellar and
CEl, the molecule’s valence electrons get stripped off veryinterstellar ion”[13], electronic structure calculations unam-
rapidly when it passes in an accelerated beam through a thiniguously predict a planar equilibrium structure to be the
target foil. This initiates an “explosion” of the molecular global minimum on the potential-energy surfddel—21] if
constituents, which is driven by internuclear Coulomb forceselectron correlation is taken into accourt]. In this so-
due to the lack of valence electrons and thus chemical bondsalled “bridged” (or carbonium or nonclassigastructure,
ing. The instantaneous molecular configuration at the mosee Fig. {8), one proton forms a triangle with the two carbon
ment of the stripping or explosion can be inferred from thenuclei, i.e., a three-center two-electron bond. The remaining
velocities detected simultaneously using multiple-particle detwo protons are essentially collinear with respect to the
tectors, similar to more conventional scattering experimentsC—C bond axis. They are very slightly tiltetbwards the
Such CEI experiments can yield information about the diagbridging proton, which was rationalized based on a topologi-
onal part of the fully correlated many-body nuclear densitycal analysis of the one-body electronic den§g]. The next
matrix of small molecules in real space. This implies thathigher-lying structure £5 kcal/mol [19,21]) is the planar
such experiments give access to both the average and th¥-shaped” (or vinyl-cationic or classicalstructure, see Fig.
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(@) (b) (c) methods in the context of molecular phys[é$] is to gen-
erate a canonical ensemble of configurations of the molecule
by performing classical or path-integral molecular-dynamics
simulations. The interactions that govern the dynamics and
thus determine the most probable and average structures are
obtained from concurrent electronic structure calculations;
for more details on the calculations, we refer the reader to
Ref. [29]. This allows treating complex molecules without
constraining the dimensionality of the problem, i.e., without
fixing the atoms to move in a common plane or keeping
certain degrees of freedom, such as bond distance, fixed. In
e ) this paper, the word “classical” is used for those simulations
lowest local minimum(b) on the potential-energy surface ofi; _where the nuclei are treated as point particles subject to
which are denoted in the text as the "bridged” and *Y-shaped” oo qqjca| mechanics. Hence in this approximation the nuclei
structures, respectively. The sticks connecting the balls at the posk o o1 sbject to thermal fluctuations. The term “quantum”
tions of the nucle(C: large, black; H: small, grayare included as . g . . .

simulation is used if all nuclei are treated as quantum

guides to the eye and do not necessarily imply chemical bonds. Th

most probable structure according to CEl analysis and high-((::]‘egreeS of freedom within the path-integral approach to

temperature simulations is shown (i¢), see text for details. Note quantur_n mechanllcs. This implies that quantum—mechanlc_:al

that this picture should only be considered as a sketch and not asfgjctuat'ons' Iead!ng to _phenomgna S%’?h as zero-point

realistic representation in three-dimensional space. motion and tunneling, are included in addition to the thermal
effects. In both casesR-space trajectories are obtained,

1(b). To the best of our knowledge, previous theoretical treatWhich contain configurations that sample from the exact
ments of possible dynamical rearrangements of this moleculganonical (Boltzmann classical or quantum distribution
were obtained by constraining all atoms to move in a comfunction of the two carbon and three hydrogen nuclei
mon plane[23-27 with only two exceptiong28,29. An  p(Rcw,Rc@),Rum), Ry, Ru@) in Cartesian space. Thus,
interesting graph-theoretical analysis of nonrigid moleculeshese configurations can be used to compute approximately,
including GHj is given in Ref[30]. Based on infrared and by averaging, the many-body nuclear density distribution
millimeter spectroscopy31-36,21, it is inferred that the function p(Rcw),Rc@), Ru),Ru@),Ru@) in R space, which
bridged structure is favored. However, there is significants the diagonal part of the many-body nuclear density matrix;
tunneling taking place so that some aspects of the spectrpte that this is a nine-dimensional function in terms of non-
remain elusive. Pioneering CEIl experiments on th¢i  redundaninternal coordinates.
molecule[38,37] lead to a quite different structural proposal.  In addition, the CEIl process was subsequently simulated
In particular, a strongly nonplanar structure subject to drabased on these trajectories using established methods
matic large-amplitude motion, making,B; a highly flux- ~ [6—10. However, up to the present investigation, these tech-
ional molecule with strong deviations from the bridged equi-niques were only used in conjunction with molecutewdels
librium structure, was inferred from analyzing the five- In @ nutshell, for each molecular configuration Rspace
dimensional CEI angular distribution function, see Fige)1 (Rc@,Rc@, Ry, Ruy@,Ry@), the Coulomb-explosion pro-
for a very schematic representation and the related discussi&€ss is mimicked by chopping it up into small propagation
in the text. periods interrupted by scattering and charge-exchange
In the present study, the correlatiebody nuclear density €vents. The scattering and charge-exchange processes in the
of C,H as generated by quantum and classical Cari@rget foil are simulated using a Monte Carlo procedure. In
Parrineilo finite-temperature simulation methd@g] is con- ~ Petween these events the nuclei evolve subject to a suitably
verted to the correpondiny-space CEI distributions by Scréened Coulomb interaction. After leaving the foil, the
simulating the effects of molecule-foil interactions. Thus, by&duations of motion of the nuclei are integrated further until
going beyond a comparison of theoretical dat&ispace to e potential energy of the fragments has fallen below a
experimental data iV space, this refines and extends previ-9iven fraction of their initial energy. This yields the
ous experimental and theoretical woflég,29 considerably, ~aSymptotic velocities of the nuclei, from which thespace
This approach makes possible a most direct comparison &oordinates of this particular initial configuration are directly

the CEI experimental data to theoretically simulated strucOPtained. The final distribution is obtained by averaging over
tures without any adjustable parameters. the configurations sampled from the Car-Parrinello trajecto-

ries. This approach allows the comparison of experimental
and theoretical distributions directly M space without any
adjustable parameter. This should be contrasted to concepts
The simulations were carried out using the standard Camwhere theR-space distribution and thus most probable mo-
Parrinelloab initio molecular-dynamics methddO] as well  lecular structure is derived frod-space experimental data
as its quantum extension, the so-calidwlinitio path integral  using inversion techniqud®]. The performance of this ad-
method[41-44. Both methods and the use#mp program  vanced analysis technique based on both path-integral simu-
[45] are reviewed in detail in Ref39], so that we present lations and experimental data was demonstrated in detail for
here only the general idea. The basic idea for using thesemall test systems, HDand H; , in Ref.[10].

FIG. 1. Structures corresponding to the global minim@nand

II. METHODS
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42 III. RESULTS AND DISCUSSION

| The original experimental CEl daf&7] were reanalyzed
in V space in terms of the symmetry-adapted coordinates
(E1,Ez,d91,¢13,S) using the methods outlined in Sec. I,
see Figs. @—09 for an analysis of the corresponding distri-
bution functionp(E,E,, ¢»1,¢43,S) Iin terms of these co-
ordinates. Note that no smoothing, such as the Gaussian
broadening, used in the previous sty®y] was applied in
the present analysis. In the following, we explain our strat-
egy in order to extract meaningful information from this
high-dimensional distribution function that cannot be graphi-
cally represented without applying restrictions. The variation
of the five-dimensional density distribution function
p(E1,Es, ¢21,¢13,S) along theS coordinate(not shown
turn out to be unimodal, and features a prominent peak at
S=S*=0. ThusS* =0 can be chosen as the most probable
structural parameter along ti&axis in order to simplify the
FIG. 2. Definition of the polar §;,6,,65) angles(left) and  Subsequent configurational analysis. For this particular
azimuthal (,1, %13 angles(right), which are used to describe the choice,S* =0, the six degenerate maxima in thE;(E;)
angular arrangement of the protons withigHg , and to define the plane of p are found to occur at abouE(~0.0E,~1.2)
permutational symmetry coordinateg,(,E,,S) according to Eq. and five additional symmetry-equivalent points, see Fig.
(). The G&Y—C® bond defines thez axis, the atoms 3(a). According to the coordinate transformatigfh), this
(C,HM),C?) span thex-z plane, and thg axis is perpendicular  symmetry-adapted configurationE {~0.0F,~1.2S* =0)
to that plane. The originXy,z) =(0,0,0) of this Cartesian coordi- corresponds tof;~90°,6,~30°,6;~150°) in terms of the
nate system is at the-€C bond midpoint. original polar angles defined in Fig. 2. Thus, according to
this CEIl experiment, configurations characterized by the po-
The structural analysis and comparison are performed itar angles ¢;~90°,0,~30°,03~150°) contribute most sig-
the most relevant internal coordinates OIH:; , which are nificantly to the nuclear density matrix, and thus to the most
the five angular coordinates for the three protomsl, 2, 3  Probable structure—irrespective of the values of the two azi-
relative to thez=C—C bond axis as introduced in R¢g7].  mutal angles ¢;;,¢15). Note that this already implies a
Specifically, these are two relative azimuthal angleshoncollinear arrangement of the four “backbone” atoms
(¢b01, 12 between protons andj around thez axis and ~H®—CH—C?—H®), This already implies that the CEI-
three polar anglesd , 6,,65), see Fig. 2 for the definition of derived structure differsqualitatively from the bridged
all coordinates used. For convenience, the latter can be efdinimum-energy structure depicted in Figallsince the lat-

pressed37] as permutational symmetry coordinates: ter would lead to ¢;=90°,0,=0°,03=180°) in the ideal
collinear case and thus t&(=0,E,=0,S=0).

Having clarified the arrangement of the protons in the
3 subspace spanned by the three polar angles, it remains to be
S= 21 cos), analyzed how the protons are oriented with respect to each
other in terms of their azimuthal angles. In order to be able to
visualize such a high-dimensional distribution, we unfold the
1 azimuthal subspace only for thopelar angles that are most
E;=——(2 cosf; — cosf,— COSbs), important according to the analysis in FigiaB Thus, we
G pick the maximum E7 ,E3)~(0.0,1.2) withS*=0 as be-
fore and display the reduced distribution function of the re-
maining two coordinatesds,, ¢»13) only for the most impor-
tant structure corresponding t&j,E5 ,S*)~(0.0,1.2,0.0)
or equivalently ¢;~90°,0,~30°,63~150°). This proce-
dure leads to two symmetry-equivalent maxima at about
((ﬁz]_% 1100,(!)13% 1100) and 6{)21%2500 ,¢13%2500) in the
so that the coordinate setE(,E,,d,,¢13,S) defines azimuthal subspace, see Figc)3 This implies that the three
unambiguously the angular arrangement of the three protongrotons, and thus also the two carbon atoms, are not copla-
note thatS is a totally symmetric coordinate. In order nar. Again, this is in contrast to both the bridged and
to symmetrize the resulting distribution functions Y-shaped structures shown in Figdaland 1b), respec-
p(E1,Es, do1,013,S), the permutation symmetry is taken tively. The qualitative difference can be inferred from the
into account by permuting the proton labels explicitly. How- definition of the azimuthal coordinates according to Fig. 2:
ever, no smoothing of these distribution functions was apthe bridged and Y-shaped coplanar structures would lead to
plied, which is at variance to the previous analyj§g]. maxima at ,,=0°,13=0°) and (@»,;=0°,¢13~180°),

1
E2=—2(00592— €0s6s3), (1)

%
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respectively, plus their symmetry-equivalent maxima. two “axial protons” are not collinear with respect to the

Although there is certainly a preference for the noncol-C—C bond. They are tilted away from this axis by about
linear arrangement #;~90°,0,~30°,03~150°) of the #,~30°, and equivalently by aboui;~150°. The third
backbone atoms in view of the distribution presented in Fig“bridging proton,” however, prefers to have an essentially
3(a), there is also quite some density far away from thesgerpendicular configuratiorg;~90° with respect to the
maxima. This stems from configurations that deviate fromC—C bond axis. As a second key feature, the two axial
the most probable arrangement. The significance of sucprotons and the two carbon atoms are not coplanar since
structures is quantified in Fig.(l that shows the variation ¢ij+ ¢yc#0°, 180°, or 360°. Pictorially, the two axial pro-
of the CEI distribution in the ;,E,) plane from Fig. 88)  tons are arranged intsans-bend orientation with respect to
as a function of the angle=arctang, /E;). The correspond- the plane spanned by the-GC bond and the briding proton.
ing reduced densitp* (¢) is periodic, and it is only shown A very simplified sketch in real space, which is based on
for one segment between two minimat; (¢) is shown for  these experimental coordinates is presented in Fig); tve
S* =0 as in Fig. 8a). The difference between the maximum stress that this scheme should be considered as a caricature.
and the minimum values gf* (¢) amounts to only about a This most probable structure derived from CEI experiments
factor of 2, which will be discussed in more detail at a lateris qualitativelydifferent from both the bridged and Y-shaped
stage. This broadness in the subspace of the orientations sfructures depicted in Figs(dl and Xb), respectively, and
the protons relative to theaxis, i.e. @1, 6,,053), is a feature these differences are clearly detectable in the corresponding
of the pronounced nuclear motion of the protons relative taistribution functions in E;,E,, ¢4, $13,S) space. Finally,
each other and relative to the-&C bond, see Fig. 2. it is also clear that the molecule is subject to fluxionality or

In summary, a first key feature of the most probablelarge-amplitude motion in view of its rather broad structural
V-spacestructure derived from the CEIl experiment is that thedistribution functions.

022506-4



EXPERIMENTAL VERSUS SIMULATED COULOMB. .. PHYSICAL REVIEW A 67, 022506 (2003

The experimental CEV-space patterns as unfolded in effect of the quantum fluctuations that are included in Figs.
Fig. 3 are compared in Figs(®—3(f) to the corresponding 3(g)—3(i), but not in Figs. &d)—3(f). Still, the magnitude of
ones obtained from classicBtspace simulations at the very the transbending of the axial protons with respect to the
low temperature of 5 K. At such a low temperature the mol-C—C axis is much less pronounced than experimentally ob-
ecule is expected to be in its vibrational ground state. Therserved. Thus, the comparison is far from being satisfactory
is essentially no similarity between the experimental distri-and conclusive. First of all, the deviations from collinearity
bution and this classical low-temperature simulation—thereamount to only a few degrees at most. Furthermore, although
are even cruciakjualitative differences. In particular, the the quantum distribution along the circular cut through the
maxima in the unfolding of the three polar components of(E1,E,,S=0) distribution, as parameterized by tiecoor-
the distribution occur atf;~0,E,~1.41S=0) and the five dinate in Fig. 8h), is considerably broader than the corre-
other permutation symmetry-equivalent locations. This isSponding classical one in Fig(e, this does not feature a
very close to E;=0F,= \/5,520)’ or equivalently ¢, S|gn_|f|cant density at t_hm|n|maar0L_m_d<p~t30°. Note_:, in
=90°,6,=0°,0;,=180°), which defines a collinear pgrtl_cule_lr, that the helg_ht of the minima of the experlmental
H@__C—C—H® arrangement of the-C-C bond axis and dlstr|but|o_n in Fig. 3b) is gbout _1/2 of that of the maxima, -
the two axial protons, while the bridging protor{*His per- whereas in the qqantum simulation t_he value at the minima is
pendicular with respect to theaxis, see Fig. 2 and Eql). zero. Hence configurations that deviate very strongly from a

Thus, the correspondinB-space structure is essentially the collinear H?— H® arrangement are very likely in
' pona B-sp . y the experiment, whereas they essentially do not occur in the
one of the global minimum of the potential-energy surface

e ) . . ) 'quantum simulation at 5 K.
which is the bridged structure in Fig(d. It is characterized Up to this point, the comparison was done by computing

by an essentially linear #—C—C—H(® backbone where e distribution function irR-space, whereas the experimen-
the third proton ) is attached rigidly in a bridging position ] information is given inv-space. This is evidently an un-
with respect to both carbon atoms. Permuting tH8'#la-  satisfactory approximation since it is expected that in general
bels and thus the protons yields the six symmetry-equivalenhe R-space toV-space transformation folds in quite an
structures that lead to the six degenerate maxima in k). 3 amount of broadening into the distributions of bond angles or
Furthermore, the peaks of the distribution in thepond distancef5,47). In order to allow for a truly quantita-
(E1,E»,S*=0) plane are slightly broadenedfunctions, tive comparison, it is mandatory to also include the foil arti-
and thus their width is much narrower than observed in eXfacts in the simulations—in particular multiple-scattering
periment, see Figs(8)-3(f). In particular, one can see in the and charge-exchange effects. Following the route outlined in
one-dimensional cut in Fig.(8) that the polar angles feature Sec. |1, exactly the same configurations that lead to the
a degree of localization that is essentiallypdunction; the  R-space distribution displayed in Figs(g3—3(i) were used
corresponding distribution along th& coordinate (not  in order to generate thB-space toV-space transformation,
shown displays a similar sharp peak. This is very differentsee Figs. §)—3(1). First of all, the simulated/-space distri-
from the corresponding experimental C¥#ispace distribu-  pution in the €;,E,) plane broadens such that the minima
tion p* (¢) from Fig. 3b). aquire ~8% of the height of the maxima, see the
Since the protons are light particles, the next logical steR,-parametrized cut in Fig.(R). Interestingly, however, the
consists of including nuclear quantum effects, which is dongjistribution in the azimuthal subspace in Figl)ds essen-
here by treatingll nuclei as quantum degrees of freedom attja|ly not affected by the transformation t¢-space and re-
the same temperature of 5 K. At a first glance the agreemenains close to experiment. Overall, tRespace structure in-
with experiment does not seem to improve much: thecjuding quantum as well as thermal fluctuationsaK and
(E1,E») distribution for S*=0 is again very narrow, see fojl broadening effects is somewhat closer to the experimen-
Fig. 3(g). However, one can observe significant broadeningg| data.
effects in this R-space distribution due to quantum- Fina”y, the system was “heated up” Successi\/e|y by cou-
mechanical fluctuations: the cut in Figh3is no longer a5- pling the molecule to g&NoseHoover-chain[39]) thermal
function akin to the one in Fig.(8). In addition, a closer heat bath, see Sec. Il. This trick was used in order to excite
analysis reveals that the maximum is slightly shifted awayrovibrational motion, and the notion of “temperature of the
from the ideal collinear orientatiorEg =0,E,=2,S=0) to  molecule” should be taken with caution for a system with so
a value of E;~0,E,=./2,5=0); note that this difference few degrees of freedom. At a temperature of the heat bath of
can be hardly seen from the graphical representation of thB000 K, theV-space distributions as shown in Figgm3—
numerical data. This signals a small but significant deviatior8(o) were obtained from classical simulations and subse-
of the two axial protons K and H® from being collinear quent foil broadening simulations. Note that at such a high
with respect to the &-C axis, i.e. ;~90°,0,=0°,0;  temperature the treatment of the nuclei as classical degrees
=<180°), see Fig. 2. Most importantly, the defolding in the of freedom is a reasonable approximation. The agreement of
remaining (»1,®13) plane isqualitatively consistent with the simulated nuclear density distribution function
the experimentaV/-space data. A direct comparison of Fig. p(E1,E,, ®51,¢13,S) with experiment becomes essentially
3(i) to Fig. 3c¢) shows that the maxima are close to thosequantitative at this level of excitation, compare Fig&ng-
found experimentally. Thus, the three protons and the twd@(o) to Figs. 3a)—3(c). A very schematic real-space sketch of
carbon atoms are clearly no longer coplanar as in the classihe most probable structure that goes with this @Epace
cal simulation at the same temperature, which must be apattern is depicted in Fig.(&); again we stress that this is a

022506-5



KNOLL, VAGER, AND MARX PHYSICAL REVIEW A 67, 022506 (2003

very schematic picture of the real situation. The two “axial at this stage that theoretical approaches that confine all nuclei
protons” are clearly bent off axis with respect to the<©  to move in a common plane are bound to fail in describing
bond. In addition, these two protons and the-C axis are this fluxional molecular ion and its large-amplitude motion at
not coplanar, and taking into account the third “bridging a quantitative level. Furthermore, it is observed tiaanti-
proton,” atrans-bend arrangement occurs. In terms of a dy-tative agreement with the experimental data is obtained once
namical picture that would be consistent with this time-the molecule is rovibrationally excited.
averaged density distribution function, the bridging proton is In conclusion, it seems that,8; is flexible enough so
essentially free to move around the- axis. This motion that its most probable structure deviateglitativelyfrom its
is coupled to a precession motion of the two axial protonsequilibrium structure even at fairly low temperatures where
around the &-C axis, which is correlated with the orbiting thermal flucuations are negligible. Thus, in order to under-
of the axial proton. In summary, the most striking differencesstand this molecule, the calculation of the nuclear wave func-
of this structure with respect to the bridged equilibriumtion or density matrix is necessary in addition to only locat-
structure as depicted in Fig. (@ is that (i) the ing the global minimum of the potential-energy surface, i.e.,
H®—_cM_—_c—H® packbone is not even close to being the equilibrium structure.
collinear and(ii) that the molecule has a pronounced nonpla- Independent from this assessment, it remains puzzling
narity due to fluctuations, i.e., large-amplitude motion andthat only fairly strong excitations lead to a full agreement of
fluxionality. the computed and measured nuclear many-body density. Is
this an artifact of the CEI process, or is it due to approxima-
IV. CONCLUSIONS AND OUTLOOK tions that underly the theoretical treatment? In order to settle
this question satisfactorily, significant advances in both ex-
The most probable structure of protonated acetylengeriment and theory are required. Concerning the experi-
CoHz was investigated in the space spanned by its five inment, it would be highly desirable to be able to control the
ternal angular coordinates. The static equilibrium structure ofeve| of thermal excitations. Such experiments are, in prin-
the molecule is well known from reliable electronic structureciple, possible using the CEl facility at the heavy-atom stor-
calculations and can be described as an essentially collinegge ring TSR(Testspeicherring of the MPI Heidelberg,
H—C—C—H backbone with a bridging proton attached to where thermalization down to about 300 K can be achieved
the G—C bond such thaall atomsshare a common plane. [48,49. Once such experimental data are availaatejnitio
Previous data from CEIl experiments were reanalyzed ifpath-integral simulations should be performed at 300 K us-
terms of the corresponding nuclear many-body density. Thejhg a denser discretization of the path integral. In addition,
are compared in detail to varioad initio simulations with  the sampling statistics should be improved in order to cap-
additional inclusion of foil effects that occur during the CEI ture the dramatic fluctuations that drive the system far away

process, i.e., th&-space toV-space transformation. It is from its equilibrium structure. Thus, 83 remains a chal-
shown that a classical treatment of the nuclear motion at lowenge for the future.

temperatures is clearly not appropriate. Upon including

nuclear quantum effects such as zero-point motion and tun-

neling in addition to thermal fluctuations at 5 K, it is found ACKNOWLEDGMENTS
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