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Abstract: Benzene clusters are generated by pulsed supersonic beam expansion, ionized by electron
impact, mass-selected and then injected into a drift cell for ion mobility measurements in a helium buffer
gas. The measured collision cross sections and theoretical calculations are used to determine the structures
of the cluster cations (CsHs),t with n = 2—6. Density functional theory calculation, at an all-electron level
and without any symmetry constraint, predicts that the dimer cation has two nearly degenerate ground
state structures with the sandwich configuration more stable than the T-configuration by only 0.07 eV. The
ion mobility experiment indicates that only one structure is observed for the mass-selected dimer cation at
room temperature. The calculated cross section for the sandwich structure agrees very well (within 2.4%)
with the experimental value. For the n = 3—6 clusters, the experiments suggest the presence of at least
two structural isomers for each cluster. A Monte Carlo minimum-energy search technique using the 12-
site OPLS potential for benzene is used to determine the structures of the lowest-energy isomers. The
calculated cross sections for the two lowest-energy isomers of the n = 3—6 clusters agree well with the
experimental results. The clusters’ structures reveal two different growth patterns involving a sandwich
dimer core or a pancake trimer stack core. The lowest-energy isomers of the n = 3—6 clusters incorporate
the pancake trimer stack as the cluster's core. The trimer stack allows the charge to hop between two
dimers, thus maximizing charge resonance interaction in the clusters. For larger clusters, the appearance
of magic numbers at n = 14, 20, 24, 27, and 30 is consistent with the incorporation of a sandwich dimer
cation within icosahedral, double icosahedral, and interpenetrating icosahedral structures. On the basis of
the ion mobility results and the structural calculations, the parallel-stacked motif among charged aromatic—
aromatic interactions is expected to play a major role in determining the structures of multi aromatic
components. This conclusion may provide new insights for experimental and theoretical studies of molecular
design and recognition involving aromatic systems.

I. Introduction dissipate the excess energy resulting from the relaxation process
upon ionization. In this way, structural isomers can be stabilized
within the cluster by evaporative cooling which is analogous
to collisional stabilization of the ionic intermediates in the gas
fundamental understandings of intermolecular ane-imolecule phas_e at high pressures. In "?‘dd'tlon' the cluster enV|.ronm(.ant
4- permits some unique cooperative effects such as those involving

interactions as well as molecular level insights into condense . . . L
: . S three-body interactions, which are generally very inefficient in
phase processes such as ion solvation and ion-induced nucle;,

ation. Gas-phase clusters provide good models for thesethe gas phase, pamcular!y at low pressdfés.

processes since the size effect, and the degree of complexity of B€nzene clusters provide the simplest prototype system to
the interaction can be systematically varied in well-defined Study 7—7 interactions which are of fundamental interest in
systemg:5 many areas of chemistry and biology including, for example,

Because of the differences in the geometry and binding energyprotelnblst(;ucturr](_as, D%‘Qb :os‘guest_ complexes,f andkshelf-
of the neutral and the ionized cluster, the cluster ion produced assembled architectures.”An extensive amount of work has

is often intermolecularly vibrationally excited. Energy transfer been devoted to the spectroscopy and structure of neutral

to the low-frequency cluster modes leading to evaporation can benzene clusters_ syntheS|zed In supersonic jets _and pro_be(_j by
fluorescence excitation, resonance-enhanced multiphoton ioniza-

The study of molecular cluster ions is an active area of
research in the rapidly advancing field of cluster sciehée.
These studies are motivated by many objectives including
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tion, and stimulated Raman spectroscopy technidgtié8 Less Of particular interest is the possibility of forming a stacked
experimental and theoretical works have been focused on thecluster consisting of parallel benzene rings (ESS). This structure
cluster cations (gHe)™, with most of published work dealing  is a good candidate for the hopping mechanism of the positive
with the dimer catiorf 44 Unlike the neutral dimer where the  charge within the (gHg)n" cluster. In principle, the stacked
ground state has a perpendicular T-shaped strugtdpg?d it cluster structure allows the charge to continually hop from one
has been suggested that the dimer cation adopts a paralledimer to another dimer in the cluster, thus allowing all the
sandwich configuration on the basis of maximizing the charge- molecules in the cluster to have equal chances of being neutral
transfer resonance interactioghgt+-CgHg <> CeHg*CsHg™.31 734 or ionic which maximizes resonance charge-transfer interaction.
The strong broad absorption extending from 690 to 1064 nm  In this work,, we present an experimental and theoretical study
observed for benzene cluster cations has been attributed toof the structures and growth pattern of benzene cluster cations
dimer-based intervalence transition similar to the solid-state (CsHe)n™. The experimental work utilizes the ion mobility drift
spectra of the dimer iorfS.No direct structural information cell technique. lon mobility measurements provide an accurate
exists for larger cluster ions but photodissociation experiments method for determining collision cross sections of mass-selected
indicate that the absorption bands ofskg),t with n = 3—6 ions with a buffer gag®-3° The motion of the ion through a
exhibit essentially the same features as that ofHgR" buffer gas under the influence of a weak electric field depends
suggesting the presence of a dimer ion core in the cluéts4 on the ion’s average collision cross section with the buffer
It is interesting to investigate how the addition of several 93S*>*°The use of this technique to examine the structures of

benzene molecules to the dimer cation affects the structures ofc@ro0n cluster ions has sparked the recent mterestslg deducing
the clusters. It is also of interest to see if the growth sequenceStructural 'nkf%rmat'or:j fron; mob:hty measlurefmeﬁ%’s Ex-
of the cluster cations can be related to that of the neutral clusters.[6nSV€ Work has produced novel structural in ormation on car-

On the basis of the sandwich and T-shaped dimer configura- lbon, meltal, a?g sem(;cg.ncljuc.torlclusltersi pngn;%ng |0{1hs, and
tions?! one may consider four major structural motifs for the arge polypeptide and biological molecuiar Iofis. ~©n the

growth of the larger clusters. These growth patterns, as showng;ihce’rr] rr]r?gt()j',l'?OttomrL\]Cgs\;\'logt(ehﬁsebsetzrer:;trerr()ezrt()e]‘dnfc?lézelzg)gll 'ng(r)n
below, may be described as eclipsed stacked sandwich (ESS) ' ity to nvestig uct u u

71-73
displaced stacked parallel (DSP), eclipsed stacked T-shape ns.
(EST), and displaced stacked T-shaped (DST).
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Figure 1. Experimental setup for the mass-selected ion mobility system.

The ion mobility approach requires calculations of the average by 70 eV El ionization. The cluster ions selected by the quadrupole
collision cross sections for calculated geometries for comparison mass filter are focused into the drift cell for the mobility measurements
with the experimental results. For this purpose, we employ as described below.
density functional theory (DF T3 calculations to determine the The mobilityK of an ion is defined a¢:
lowest-energy structures of the benzene dimer cation. Because K = _l;d/_é @)
of the nature of bonding in this system, the proper inclusion of
the electror-electron correlation is essential for obtaining where7, is the drift velocity ancE the field across the drift region.
reliable lowest-energy structures. The use of DFT at an all- The reduced mobilityK, (scaled to the number density at standard
electron level in the present work ensures the accuracy of thetemperature and pressure STP) is given by:
dimer calculations in obtaining the lowest-energy structures. P273.1
However, because of the size of the clusters investigated in the Ko= Wﬁ( 2
present studyn(= 2—6), we employ a Monte Carlo (MC) search
technique using the 12-site OPL&ptimized potential for liquid ~ whereP is the pressure in Torr arifl is the temperature in Kelvin.
simulatior) for the benzene molecul®,and a modified OPLS  Equations 1 and 2 can be combined and rearranged to give:
potential for the benzene cation to obtain minimum-energy )
structures. The lowest-energy structures of thgH* clusters t,= (' ‘273-15L)E +, 3)
are used to compute angle-averaged collision cross sections of T-760 KoV
the cluster cations drifting in helium. The comparison between
the experimentally determined ion mobility, which depends

solely on the collision cross section, and the calculated cross "~ . shape of the arrival time distribution (ATD) féakis

sections allows us to determine the structures of the benzene[he time the ion spends outside the drift cell before reaching the detector,

cluster cations involved in the current experiments. The anqy s the voltage across the drift cell. All the mobility measurements
combination of the measured ion mobilities and the structural \vere carried out in the low-field limit where the ion’s drift velocity is

calculations provides a reasonably compelling picture of the small compared to the thermal velocity and the ion mobility is
structure and growth pattern of the clusters of aromatic independent of the field strengtE/N < 5.0, whereE is the electric
m-systems. These results are expected to provide good tesfield intensity andN is the gas number density ai¢N is expressed in
models for the development of new theoretical approaches tounits of Townsend (Td) where 1 Te 107 V-cnv).%®

wherel is the drift length (8.9 cm in our systent),is the measured
mean arrival time of the drifting ion packet corrected for the

reliably describer—zx interactions in large molecular systems. Mobility measurements are made by injecting a narrow pulse of ions
into the drift cell. The ion gate located just prior to the cell entrance
II. Experimental Section chops the pulse to a narrow;-50 us wide packet, which enters the

The experimental set up for the cluster source, drift cell, and two drift cell. As the ions are injected into the drift cell, the injection energy
'\s dissipated in collisions with the helium buffer gas. The injection

quadrupole mass spectrometers is displayed in Figure 1. The essential X ) ) ; o

elements of the apparatus are jet and beam chambers coupled to affneraies “seo! in all Fhe experlmer_lts are slightly above_ the minimum
electron impact (El) ionization source, a quadrupole mass filter, a drift energies requur_ed to mtrgduce the ions into the cell agams_t the hefium
cell, and a second quadrupole mass spectrometer. A second El ionizatioH(lOW' The transient heating and the consequent evaporation from the

source is also available before the second quadrupole. This source isCIUSter lons resulting from the injection energy take place outside the

used to ionize the neutral cluster beam after traveling in a vacuum (in cell entrance through collisions with the helium escaping from the cell

the absence of a buffer gas in the drift cell). This provides information er}trancedqn?c?ﬁ Upon eéatlngdthe (l:ellf, the |<I)n§ aredcgllfct:fd a?‘:‘
on the original cluster ion distribution before entering the drift cell refocused Into the second quadrupolé for analysis and detection. The
containing the helium buffer gas signal is collected on a multichannel scalar with the zero time for data

The neutral benzene clusters are generated in the source chambe?cquiSi,tion set to Fhe midpoint of the. ion gate trigger. Mobility is
by pulsed adiabatic expansiéf’’ During operation, benzene vapor determined according to eq 3, by plottifigversusP/V. The slope of

(Aldrich, 99.9% purity), in helium (ultrahigh purity, Spectra Gases the _Iinear plot is inverse'ly proportior_1a|_ to the reduced mobility, and
99.999%) at a pressure of-8 atm is expanded through a conical nozzle the intercept equals the time spent within the second quadrupole before

(200um diameter) in pulses of 266800us duration at repetition rates tlr:; dete((:jtlog gf tk_\e_lon?. In most cglses, this technique gives less than
of 30-50 Hz. The jet is skimmed and passed into the second chamber, 17° Standard deviation for repeated measurements.
which is maintained at Z 1076 Torr, where the clusters are ionized . Computational Details

(74) Kohn, W.; Sham, L. JPhys. Re. A 1965 140, 1133. The theoretical calcualtions were carried out using a linear
ggg JD(;gerésenﬂ'-V\X}riLgﬁtSEV?rE?-ns?ﬁé|Pi\7]Fé<r:nh e%]eg;iygoge%ggo%lez,ﬁ?g?' combination of atomic orbitaimolecular orbital (LCAG-MO)
(77) El-Shall, M. S_; Daly, G. M.; Wright, DJ. Chem. Phys2002 116, 10253. approach as implemented within a density functional formal-
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ism./4 We have used, in particular, the gradient corrected Cluster structures and energies were obtained through the
functional form proposed by Perdew, Burke, and Ernzeffiof. following simulation procedure. MC simulations in the NVT
The actual computations were carried out using the NRLMOL ensemble were run for each cluster size using standard
set of computer codes developed by Pederson and co-wdPkers. procedures, without truncation of the potential, and at a
Here, the multicenter integrals required to solve the kehn temperature at which no evaporation was obsefv&t At
Sham equation are calculated by integrating numerically over regular intervals during these simulations the current cluster
a mesh of points. To obtain the minimum-energy configuration, configuration was taken as an initial structure for an auxiliary
the geometry was relaxed by moving atoms in the directions of simulation resulting in a quenching of all kinetic energy from
forces until forces were less than F0au. Further, several the cluster, settling it into the underlying minima of the potential
multiplicities were investigated to find the ground-state spin. energy surface. These “quenches” are begun by first expanding
All the calculations were carried out at an all-electron level. the cluster by scaling the center-of-mass coordinates and then
We have used the basis sets developed by Porezag andjiving each molecule a rather large random displacement (up
Pedersoi® The Gaussian basis set for C contained 12 primitive to 15 A) and rotation (up to 18). The resulting random
Gaussians contracted into 5s, 4p, and 3d Gaussians, while theonfiguration is then allowed to settle into the underlying
basis set for H contained eight primitive Gaussians contracted minima by making the usual small random displacements and
into 4s, 3p, and 1d Gaussians. To establish the accuracy of therotations and accepting only those new configurations that lower
present calculations, we first examined the ground-state geom-the potential energy. Eventually a minimum will be reached,
etry of neutral benzene for which the geometry and other and when 600615000 consecutive trial configurations fail to
parameters are well-known. The calculated@and C-H bond find a structure of lower energy, the configuration is identified
lengths are 1.40 and 1.09 A compared to the experimental valuesas a candidate for a minimum on the surface. Subsequently, in
of 1.406 and 1.08 A, respectively. We find an ionization a separate calculation, each candidate is run af21f to
potential of 9.12 eV, which compares well with the experimental confirm that a minimum has in fact been found and to be sure

value of 9.24 e\B! that the bottom of the well has been reached. For each cluster
For the MC calculations, cluster interaction energies were composition (GHe), and (GHe)n™, 600-1100 quenches were
calculated from sitesite potentials of the form performed, except fon = 2 where only 100 were done.
A measure of cluster radius is given by the root-mean-square
onaonb qiqje2 A G distance between the molecules, givenfby:
Ae, = —_—t——— (4)
le R el NS PR
Ry= — 5)
.z ,ZlN(N —1)

whereAe,, is the interaction energy between two molecides

andb; g andq; are the partial charges assigned to each atomic e intermolecular distances, were taken as the separations
sitei or j, andeis the magnitude of the electron chargg.and of the molecular centers-of-mass, ahdis the number of

Cj can be expressed in terTzs of the Lenr:sard-\]ones (L3) molecules in the cluster. This is useful for accessing the degree
parametery ande asA;j = 4¢ioit* andCij = 4€i0i°, whereA; of compactness of clusters.

= (Ai Aj)Y2andC; = (Ci Cj)¥2 (from combining rules). The . .
total cluster configurational energy can be expressel,as IV. Results and Discussion

En® + Eq”, whereE.“ is the sum of all terms representing 1. Mass Spectra of Benzene Cluster CationsFigure 2
Coulomb interactions an#,-’ the sum of all Lennard-Jones displays a typical mass spectrum obtained by 70 eV El

terms. For the benzene neutral, the 12-site OPLS potential wasionjzation of the neutral clusters formed by a supersonic beam
used’® For the benzene cation, the OPLS benzene potential Waseypansion. In this case, the neutral cluster beam traveled in a
modified by altering the partial cha'rg.e.s asagnepl to each site.y5cyum (107 Torr with no buffer gas inside the drift tube) to
These charges were taken from a_b initio calcul_at|ons at the HF/ the second EI ionization source before the second quadrupole
6-31G™* level on the benzene catidfThe Le'sinthe OPLS  (see Figure 1). The mass spectrum shows the generation of
potential function for (neutral) benzene are 0.07 and 0.03 keal/ yoyply charged benzene clustersiig),2* starting amn > 23.
mol for carbon and hydrogen, respectively. For the cluster cation Thjs is consistent with previous measurements and with the
calculations, the L&'s for carbon and hydrogen were scaled ca|cylation of the critical size for doubly charged benzene
up (by a factor of 23.2) to values of 1.625 and 0.6964 kcal/mol ¢, sters aq = 2337.38.86
to yield a configurational energy for the dimer cation of 17.0  The distribution of the cluster ions formed reveals some
kcal/mol, the observed value of the binding energy of the dimer gyriking features which include the enhanced intensities (magic
cation® This enhancement of the cationeutral interaction can numbers) observed for the {8s),* with n = 14, 20, 24, 27,
be thought of as compensating for the lack of explicit treatment ang 30, These local maxima are also present at lower EI energies
of the polarization of the neutral benzenes by the cation. where no doubly charged clusters are formed, and therefore they
(78) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett 1996 77, 3865. mO,St Ilkely represent §ome §table structures among Mﬁg .
ggg Jackson, K. A.; Pe((ijerson, M. ngs. Re. B 1333 zé% %78_ series. Following El ionization, the excess deposited energies
Porezag, D. V.; Pederson, M. Rhys. Re. A1 , 2840. B ;
(81) Neuhauser. R.'G.. Siglow. K.. Neusser. HiJCher. Physi997 106 on the cluster ions promote evaporation of neutral molecules
896.
(82) The ab initio calculations were carried out at the HF/6-31G** level using (83) Wright, D.; El-Shall, M. SJ. Chem. Phys1994 100, 379.
the GAMESS QC packag Schmidt, M. W.; Baldridge, K. K.; Boatz, J. (84) Wright, D.; El-Shall, M. SJ. Chem. Phys1996 105 11199.
A.; Elbert, S. T.; Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; (85) Gregory, V. P.; Schug, J. ®lol. Phys 1993 78, 407.
)

Nguyen, K. A.; Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J.JA. (86) Echt, O.; Kreisle, D.; Recknagel, E.; Saenz, J. J.; Casero, R.; Soler, J. M.
Comput. Chem1993 14, 1347. Phys. Re. A 1988 38, 3236.
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tion is appealing and provides a plausible explanation of the
(CeHgn "™ EL 70 eV observed magic numbers, it lacks direct experimental evidences.
8 24 The ion mobility results presented in section 4 combined with
14 27 the structural calculations given in section 3 will provide the
30 first direct evidences for the incorporation of stacked dimer and
trimer cores within the benzene cluster cations watlp to 6.

11 These core ions are expected to be present in the larger clusters
which would give rise to the formation of the icosahedral
structures.

‘ } ‘ \ ‘ i ‘ 2. Structural Calculations of Benzene Dimer Cation.The
'l{ ,‘lH HHH“HHII‘ILIIIIHIA
|.l [ LL.IL.L.I‘I.I.l‘l‘.l.l.l‘l.l.l.‘l LLLL Ll

Intensity (arb. units)

ground-state geometry of §8¢).", has been thought to be a
sandwich structure. The earlier electron spin resonance experi-
ments suggested such an arrangerfeatsimilar structure was
‘ also proposed by Field et &.The first ab initio theoretical
500 1000 1500 2000 2500 3000 investigations were carried out by Hiraoka et al. who used a
m/z Hartree-Fock (HF) approach and a limited 3-21G basis®8et.
Figure 2. Mass spectrum of benzene clusters in a vacuum ionized by EI These authors examined several arrangements where the two
(70 eV) before the second quadrupole (see Figure 1). benzenes were stacked parallel, perpendicular, side by side in
the same plane with their faces parallel, and side by side with
from the clusters during the time spent inside the quadrupole their planes perpendicular to each other. Their ground state was
mass filter (-50us). This leads to the appearance of enhanced a T-configuration where the two benzenes were perpendicular
ion intensities of specific cluster ions reflecting structural to each other as opposed to the stacked sandwich structure
stability or particularly slow evaporation events from certain suggested by previous experimental work. The stacked structure
cluster ions (kinetic bottlenecky. was 0.13 eV above this ground state. They further suggested
Then = 13 magic number has been first observed in atomic that the difference in energy is small and that the two structures
and small molecular clusters with LJ interactions, but has also could be considered to be degenerate. As they pointed out, the
been seen in many other cluster syst€m8 This magic ~ HF method that does not properly include electron correlations
number is attributed to an icosahedral structure, composed of ajs pjased toward symmetry-broken charge-localized structure.
central atom or molecule covered by two staggered five- They also suggested thatDa;, structure would emerge if the
membered rings along the equator with each pole capped bycorrelations were included using configuration interaction or
another atom or molecuf® Extending the icosahedral symmetry  other perturbation techniques. Carrying out configuration in-
by building a new icosahedron with the top apex of the 13-mer teraction on such large systems is computer intensive. In this
as the new center produces the=19 magic number, whichis  work, therefore, we use a different approach that employs
often called “double icosahedrof?. On the basis of L)  generalized gradients to include the exchange correlation effects.
interactions between spheres, the magic numbers 13, 19, 23, |tisimportant to note that a similar situation occurs in neutral
26, 29, 32, 34, and 37 have been predicfealculations using  penzene dimer where the T-shaped structure and a slipped-
12-6-1 potential functions showed that the= 13 neutral  parallel structure are found to be nearly degeneéfaRecent
clusters of several nonpolar molecules, including benzene, adopiyork has shown that the binding is mainly due to correlation
approximate icosahedral structufé8? Several computational energy and that large basis sets and a proper treatment of
studies suggest high-symmetry structures for theigzs neutral correlation are critical to obtaining the correct lowest-energy
cluster C3 symmetry):7:30.9293 structure$# This is consistent with recent MP2 ab initio
The observation of a local maximum in the cluster ion calculations on the neutral benzene dimer with a large aug-cc-
distribution atn = 14 could be explained by a cluster structure pvTZ basis set, which showed that the HF binding energies
consisting of a strongly bound dimer cation core surrounded are repulsivé® While the situation in the cation is different,
by 12 neutral molecules in an icosahedral arrangement. This iSthe presence of C|ose_|ying isomers suggests that a proper
consistent with previous photoionization experiments, which inclusion of correlations is vital to the determination of the

suggested such a structure for theHig)14™ clustef®4! Our correct ground state.

results provide further evidence for this structure by showing T find the ground state of @Ele),", we optimized the

the additional local maxima of @Blg)," observed an = 20, geometry of the dimer by starting from several initial geometries
24, 27, and 30 (although at weaker intensities thamtke14 where the two benzene rings were stacked parallel, perpendicular

maximum) as shown in Figure 2. These numbers are in perfectyith the perpendicular benzene occupying a central or edge
agreement with the theoretical predictions of the clustering of position, or the two benzenes in a plane with their-C, axes

LJ spheres if one makes the assumption of a benzene dimeparallel or perpendicular to each other. The total energy was
cation core within the (€Hg)n" clusters. Although this assump-  then optimized by calculating the forces on all atoms and

: i allowing atoms to relax in the direction of forces till all the

87) Martin, T. P.; B , T.; Gohlich, H.; Lange,JT Phys. Chen99 .

(67) 95%'4?21_ _ ergmann one ange ys. ~he ! forces dropped below a threshold value of4@u. The initial

(88) Wei, S.; Shi, Z,; Castleman, A. W., J. Chem. Phys1991 94, 8604. geometries for the T-configuration were obtained using,a

(89) Ingolfsson, O.; Wodtke, A. MJ. Chem. Phys2002 117, 3721.
(90) Mackay, A. L.Acta Crystallogr 1962 15, 916.

(91) Farges, J.; Deferaudy, M. F.; Raoult, B.; TorchetS@tf. Sci 1985 156, (94) Tsuzuki, S.; Uchimaru, T.; Sugawara, K.; Mikami, 31 Chem. Phys2002
370. 117, 11216.

(92) van de Waal, B. WJ. Chem. Phys1983 79, 3948. (95) Sinnokrot, M. O.; Valeev, E. F.; Sherrill, C. D. Am. Chem. So@002

(93) Dulles, F. J.; Bartell, L. SJ. Phys. Chem1995 99, 17100. 124, 10887.
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Table 1. Energies and Structural Parameters for Benzene Cluster
Cations (CgHg)," with n = 2—62

— — n(x) E, E./n E.° E.%n Rq E ratio
DI

OB = E O 2(c) -1699 -849 -184 -092 258 1.00

3(d) —-3400 -11.33 —356 -119 365 1.33

¢ 3(e) —3173 -1058 —6.16 —2.05 345 1.25

* A(f)  —49.32 -1233 —7.62 -191 372 145

Q O 4(g) —49.10 -1228 —745 -186 372 145

NN 4(h) —46.72 -1168 —969 —242 373  1.38

- _fw 5()  —64.78 —12.96 —10.88 -2.18 3.81  1.53

R —( & 5()  —64.11 —12.82 —11.51 -2.30 416 151

‘ 1 5k —54.23 —10.85 —11.76 —2.35 3.89 1.28

M 6(1) -80.59 —13.43 —14.88 -248 415 158

- ‘ - 6(m) —79.76 —13.29 —14.98 -250 423 157

ax denotes the isomer structure shown in Figure§ 4E, is the total
) ) cluster configurational energg.C is the Coulombic contribution to the
Dimer-1 (a) Dimer-2 (b) configurational energy, an®, is the root-mean-square distance between

Figure 3. Lowest-energy structures obtained from DFT calculations: (a) Blﬁhrgc:ﬁgtrjlar C;nr;e(;f‘e' Sﬂ]renf‘osfﬁglzﬁﬁio Ki”{?{éi"éﬁ':f% ?;\éegiﬁggrraéir?er os
stacked sandwich and (b) perpendicular T-shape. in kcal/molg)ll?npin A 9P : 9

symmetry constraint, while those for the stacked configuration ~ For (GHe)2" we have the sandwich structure (Dimer-3 (c)
had aDe, Symmetry constraint. The final geometries obtained in Figure 4) skewed by 3o optimize electrostatic interactions.
in the symmetry-constraint calculation were slightly perturbed This is a little different from the DFT structure (Dimer-1 (a),
by moving atoms in random directions by a small amount and Figure 3), which has the eclipsed parallel configuration. The
the calculations were repeated without any symmetry constraint. molecular centers-of-mass (COM) are separated by 3.65 A in
It was observed that the geometry underwent only a minor the MC structure (c) as compared to 3.50 A in the DFT structure
relaxation. We found that the dimer is characterized by two (a).
nearly degenerate states shown in Figure 3. The stacked For the trimer (GHe)s", two isomers were found as shown
configuration is more stable than the T-configuration by only by structures (d) and (e) in Figure 4. Isomer (d) has a triple-
0.07 eV. It is interesting to note that the various bond lengths stack structure with the same 3ékewing as in the dimer. The
in the two geometries are comparable to the correspondingdistance between each of the neutral benzene molecular COM
values obtained by Hiraoka et ®lusing a HF approach. As  and the cluster COMdcow) is 3.65 A, with the benzene cation
pointed out earlier, these authors did not include the correlationslocated at the cluster COM. For the second isomer, structure
and the ground-state structures had slightly lower symmetries (€), we have a quasi-planar triangular structure with the angles
than obtained in this work. As pointed out by these authors, between the three molecular plangg @s 142, 122, and 96
their symmetry-broken structures are due to a lack of correlation (rather than allp values at 129). In structure (e) the cation is
effects and that a more symmetric structure could be obtainedclosest to the cluster COM with @om value of 2.10 A, with
once the correlations were included. It is interesting to note that the two neutral molecules at 2.86 and 3.36 A. The plane of
the present calculations that include correlation effects via the each molecule is nearly perpendicular to the plane containing
DFT do lead to symmetric structures. Also, the stacked all three molecular centers-of-mass.
configuration is more stable than the T-structure and is the For (GHe)s™, three isomers (f, g, and h) were located as
ground state. shown in Figure 5. Isomer (f) has the structure of theHs™

3. Monte Carlo Simulations of Benzene Clusters Using isomer (d) with an additional neutral molecule resting against
the OPLS Potential. Since accurate structural calculations of the side of the pancake-like trimer stack. The cation is again
the benzene cluster cationsgfG),™ with n > 2 require full closest to the cluster COM with @eom value of 1.61 A, with
consideration of the electrerelectron correlations, the calcula- ~ the neutral molecules at 3.36 A (1) and 3.72 A (2). The second
tions of larger clusters would be extremely computer intensive. isomer of (GHe)4* [structure (g)] differs only slightly from
For these clusters, we chose to employ a MC search techniquestructure (f). The third isomer [structure (h)] can be viewed as
using the OPLS potential model for benzene to calculate the a distorted tetrahedron. Instead of@lalues at 109.5and all
lowest-energy structures of the clusters. This model reproducesfdcom values equal (perfect tetrahedron), ghealues in structure
the experimental heat of vaporization, density, heat capacity, (h) range from 86 to 118and thedcom values range from 2.18
and hydration energy with excellent accurad@®As descrived ~ to 3.67 A, with the cation again closest to the cluster COM.
in the Computational Details section, this potential was modified ~ For (CeHe)s™ and (GHe)e" clusters, three (i, j, and k), and
and scaled to reproduce the experimental binding energy of thetwo (I and m) isomers, respectively, were located as shown in
benzene dimer cation. Figures-# display the structures  Figures 6 and 7, respectively. Isomer (i) okk€)s" continues

corresponding to the minima of lowest energies for th¢Hght, the growth pattern of isomer (f) by adding a second molecule
n = 2—6 clusters. The total cluster configurational enerigy)( on the side of the pancake-s_tack trimer. The cation IS- again
the Coulombic contribution to the configurational energyj, closest to the cluster COM withdcom value of 1.94 A, with

the root-mean-square distance between the molecular centersthe neutral molecules having values in the range 3%96 A-_
of-mass in the clusterR), and the ratio of the energy per Isomer (j) of (GHe)s" is a variant of isomer (i). The main
molecule in the cluster to the energy per molecule in the dimer difference between isomers (i) and (j) is that the pancake-stack

[(Ex/N)/( E/n)n=2] are given in Table 1. trimer in (i) is surrounded by two molecules located along the
sides of the trimer stack (the cation is perpendicular to one of
(96) Jorgensen, W. LAcc. Chem. Re<.989 22, 184. the side molecules). However, in isomer (j) there are three
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Figure 4. Lowest-energy structures obtained from MC pair potential calculations: (c) dimer-3; (d) trimer-1, and (e) trimer-2.
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Figure 5. Lowest-energy structures obtained from MC pair potential calculations: (f) tetramer-1, (g) tetramer-2, and (h) tetramer-3. Energies are given in

Table 1.
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Figure 6. Lowest-energy structures obtained from MC pair potential calculations: (i) pentamer-1, (j) pentamer-2, and (k) pentamer-3. Energies are given

in Table 1.
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Figure 7. Lowest-energy structures obtained from MC pair potential
calculations: (I) hexamer-1, and (m) hexamer-2. Energies are given in Table

1.

as compared to isomer (i). This is clearly reflected in Bye

the lowest-energy isomer pattern.
With the strong B<> BT interaction (17 kcal/mol§2 one

molecules above and one molecule below the cation plane. Thiswould expect to find as many neutral benzenes coordinated

arrangement results in a less compact structure for isomer (j) closely to the cation as possible. Yet, in the present results, one

isomer (i) as shown in Table 1] is irregular with djom values
lie in the range 3.143.86 A, with the cation still closest to the
cluster COM. TheR, value for isomer (k) is 3.89 A, between
S the values corresponding to isomers (j) and (i).

For the (GHe)s™ cluster, isomer (I) continues the lowest-
energy isomer pattern by adding a third molecule around the
central pancake-stack trimer as shown in Figure 7. The cation
3 is 1.52 A from the cluster COM, with the neutral molecules at
distances of 3.494.78 A. Isomer (m), shown in Figure 7, is a
variant of isomer (I) but can be viewed as a continuation of the
alternative growth sequence noted above for the higher-energy
isomers of then = 2—5 clusters, as well as a continuation of

finds two prominent growth patterns: one involves a dimer

values R, is a measure of cluster radius according to eq 5) of cation core, and the other involves a stacked trimer core. The
4.16 and 3.81 A calculated for isomers (j) and (i), respectively. lowest-energy isomers of the= 3—6 clusters incorporate the
The higher-energy isomer (k) [about 16% higher in energy than pancake trimer stack as the cluster’s core. Comparisons of the
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Figure 8. Lowest-energy structure obtained from DFT calculations agHE. (a) Stacked, ground-state structure with a binding energy of 1.22 eV. (b)
Perpendicular, higher-energy isomer with a binding energy of 1.07 eV, and (c) perpendicular, higher-energy isomer with a binding energy oflD.98 eV. A
binding energies are calculated with respect to dissociation to a benzene radical cation and two neutral benzene molecules.

calculated collision cross sections corresponding to these
structures with the experimentally determined cross sections of 3
(CeHe)nt with n = 2—6, will provide a basis for confidence in

using the modified OPLC potential with the MC search
procedure to obtain reliable structures for larger charged benzene-

Mass Selected Benzene Dimer
o m/z=156 (CgHg)a"
—— Transport Theory

units)

clusters. These comparisons are presented in the next section.”, | 7 105

4. DFT Structures of Benzene Trimer Cation.To provide "*2 E 1.00

a further check on the reliability of the modified OPLC potential E: £ 095

in obtaining accurate structures of larger benzene cluster cations,'% I E 0.90
=

we carried out DFT calculations on ds)s™ in stacked and Zoss
perpendicular configurations. In the stacked configuration, the r
three benzene units were stacked parallel to each other. To make
the calculations feasible, minimal symmetry constraints corre- i
sponding to reflections in they, yz andxzplanes were imposed. : : : : '
For the perpendicular case we examined two different arrange- 700 800 900 1000 1100 1200 1300 1400
ments. In each case, two benzene units were stacked parallel to Time (us)
each other. The third benzene was arranged perpendicular toFigure 9. Comparison of the measured ATD of the benzene dimer cation
the stacked benzenes. The two perpendicular configurations(CeHe)2" with the prediction of transport theory (eq 6). The inset shows

. . . the linear plot ofty vs P/V used to calculate the mobility.
differed in the arrangement of the third benzene. In one case,
the H atoms of the stacked benzenes pointed toward the middleTd), the ion’s drift velocity is small compared to the thermal
of the C-C bond of the perpendicular benzene. In the second velocity, and the ion mobility is independent of the field strength.
case, the H atoms of the two-stacked benzenes pointed towardrhe repeated mobility measurements yield a reduced mobility
the C atoms of the perpendicular benzene. In the perpendicularfor the benzene dimer cation at 303 Ki§ = 7.6+ 0.1 (0.2)
cases, the symmetry operations corresponded to reflections incne-vV—1-s71, the uncertainty given here sl standard deviation
Xz andxy planes. The energies were optimized by varying the in the repeated measurements, the value in parentheses repre-
remaining degrees of freedom and the resulting structures aresents a 3% experimental error in the mobility measurements.
shown in Figure 8. The ground state corresponds to the stackedOur result is in excellent agreement with the reported reduced
configuration (Figure 8-a) with a binding energy of 1.22 eV mobility of (CsHe)2™ (Ko = 7.6 £ 0.3 cn#V~1-s71) measured
with respect to dissociation to a benzene radical cation and twoby Krishnamurthy et al. using a selected-ion flow-drift tube
neutral benzene molecules. The perpendicular configurationsapparatug?

64 68 72 176
P/V (mTorr Volt™!)

(Figure 8, b and c) were respectively 0.15 and 0.24 eV above The measured ATD can be calculated from the transport
the ground state. The ground-state structure (Figure 8-a) isequation for a short packet (delta pulse) of ions injected into a
similar to the lowest-energy structure obtained from the MC cylindrical drift tube through an aperture of araausing eq
calculations (trimer-1 (d) displayed in Figure 4). Furthermore, 4849
the second lowest-energy isomers obtained from both the DFT
and MC calculations are similar. These results provide support sae ™ | r02
for using the MC approach to obtain reliable lowest-energy #(®) 24—m* vati)\1— ex;{— 4DTt))
structures of with (gHg)n™ N = 3—6. gt

5. Mobilities of Benzene Cluster CationsFigure 9 shows (= v’
a typical ATD of the mass-selected dimersk)," injected S 4D, t (6)
into 2.5 Torr helium in the drift cell at room temperature using
a 50 us ion gate pulse. A single, relatively sharp peak is The ions are introduced as a delta pulse in the form of an axially
observed. The inset in Figure 9 shows a plotgofs P/V used thin disk of radiusro and uniform surface density Loss of
to calculate the mobility of (§Hg).™ according to eq 3. The ions through reactions during the drift time can be accounted
excellent linear correlation in the data indicates that under the for through the frequency factoo.. D. and Dt are the
low-field regime employed in our measuremerisN < 5.0 longitudinal and transverse diffusion coefficients, which (under
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Taglil 2 Mgasuc;eg élllnd Caéculateg R?dUQEdH'VllQbi”t(YQ(//EoZ/) or th cross section that compares very well (2.4%) with the experi-
cme-V—*-s7+) an ollision Cross Section in Helium or the H : :
Benzene Cluster Cations (CoHe),* with n = 2— 62 mentally determined yalue. Also, the d|rr_1er §tructure c_)btalned
— m— Py from the MC calculations [structure (c) in Figure 4] yields a
caiculateds experimentas ierence e .
o c 5 Zbufi - ; c reasonable agreement (within 3.5%) with the measured cross
y 3 ’ ¢t ’ section. The difference is clearly due to the® 36tation angle
imer-1 (a 729 74 71.2 7.6 2.4 2.6 .
dimer-2 (b) 74 70 67 79 pf one of the parallel molecular planes with respect to the othf_er
dimer-3 (c) 737 7.3 35 3.9 in structure (c). The good agreement between the cross section

timer-1(d) 1002 54 1011 463 53 55 09 19  cglculated for the DFT lowest-energy dimer structure and the

trimer-2 (e 981 55 942 537 57 41 35 . - . )
tetramerfl)(f) 1189 450 118.8 322 45 47 01 00 experimental value indicates that the two benzene rings in the
tetramer-2 (h)  117.9 454 1115 678 48 57 54  dimer cation are nearly eclipsed as in the perfect sandwich
pentamer-1() 1331 40 1316 467 41 39 11 24 :
pentamer-2 () 1403 38 1416 33 28 Y structu_re (a). Or_] the (_)th_e_r hand, the cross section of the
hexamer-1() 1498 3.6 1440 565 37 36 40 27 T-configuration differs significantly (8.7%) from the measured
hexamer-2(m) 1533 35 1545 435 35 08 00  cross section. If the interconversion between the two structures

. ) " were effective, one would expect the measured cross section to
aThe mobilities and % abundance obtained from fitting the measured . .

ATD of each of then = 3—6 clusters to two isomers are given under D€ an average of the cross sections of the two structures. Since

Fxperi][_nentﬁl SectiorKo (av) is tttle average mobilities obt?ined frf?ml the the measured cross section is within 2.4% of the calculated cross
inear fits shown in Flgure 11-b, assuming one isomer for eac cluster. H H H

The cross sections are calculated using the trajectory method (see ref 97).Sectlon of the sandwich structure, it can b_e Con_C|Uded that the

(CeHe)2" adopts the stacked parallel configuration (or spends

) N N _ ~ more of its lifetime exhibiting the parallel rather than the
low-field conditions) are related to the mobility by the Einstein  perpendicular configuration) in agreement with the ground-state

equatiorf!® structure calculated by the DFT.
kT The mobilities of the larger clusters &s),™ with n = 3—6
D, =D;=K— 7 were measured in the same way described above for the dimer
ze

experiments [5Q«s ion gate width and low field regimé=(N

where ze is the number of charges times the charge of the = 3 Td) at room temperature (303 K)]. However, because the
electron. signal intensity of the cluster species decreases with increasing
A comparison of the measured ATD of theet)," ions size (see Figure 2), mass-selection in the first quadrupole could
with the prediction from transport theory using eq 6 is shown not prgduce a practical level of signal sufficient for the m9b|l|ty
in Figure 9. From the excellent agreement with the predicted €XPeriments. Therefore, for the = 3-6 clusters, the first
peak shape, we conclude that either only one isomer is presenfluadrupole was operated in &F-onlymode, where a range
in the (GsHs)2* mass channel or, if there are multiple isomers, of cluster ions above a selecteulz value is allowed to pass
they have essentially identical collision cross sections. However, through the quadrupole, and subsequently injected into the drift
it should be pointed out that two structures with different cross (UP€- The selectedvz values of the first quadrupole for tre
sections could result in a single sharp ATD peak if the two — 3~ 6 clusters were 234, 312, 390, and 468, respectively. By
structures rapidly interconvert on the time scale of the experi- Setting the first quadrupole at ting’z value corresponding to a
ment. For example, a 9Glip of the benzene molecule in the ~ Particular clusterr) and scanning the second quadrupole, we
stacked dimer-1 (a), would produce the perpendicular T-shapefound that the ion distribution exiting the drift cell was mostly
dimer-2 (b) shown in Figure 3. (more than 90%) due to thecluster and only a small fra(.:tllon
According to the kinetic theor§? eq 8 relates the mobility (1SS than 10%) due to the (- 1) cluster. In all the mobility
of an ion to the average collision cross section of the ion with €XPeriments the second quadrupole was operated in a single-

the buffer gas. !0:1 motde to measure the ATD of a particular cluster ion of
interest.
11801 1712 7€ To investigate the effects of cluster ion fragmentation at the
K= N 16 Im ml © mzoan (8) entrance of the drift tube, we measured the ATDs of the benzene
M (D>,

dimer and monomer ions following the injection of a mass-
selected dimer ion at different injection energies. The results,
shown in Figure 10, indicate that with injection energigsy,
center of mass kinetic energié€spf 0.25 and 0.50 eV, 72 and
94%, respectively, of the mass-selectegHg)." ions fragment
into CeHe™. However, the measured mobility of thgHz" ions
fragmented from (gHe)2" (11.7 cn/V-s) is similar, within the
uncertainty of the measurements, to the measured mobility of
mass-selected glg" ions (11.5 crAV-s). Furthermore, both
the ATDs of the GHg" ions dissociated from (§Eg)." and the
mass-selected ¢Bls™ ions show excellent agreement with the
predicted ATD from transport theory according to eq 6. This

N is the buffer gas number density is the mass of the ion,
my, is the mass of a buffer gas atomis the number of charges
eis the electron chargég is Boltzmann’s constant, ar@d®.1),,
is the average collision integral.

The measured mobilities are used to calculate avet2ge
for the (GHg)n™ ions in helium using eq 8, and the resulting
values are listed in Table 2. The lowest-energy structures of
the benzene dimer cation obtained from the DFT calculations
(structures a and b in Figure 3) and the pair-potential MC
technique (structure c in Figure 4), are used to obtain average
collision cross sections using the trajectory calculations which
_employ_ a potential consisting of LJ and ,ion_induced ‘,ji,POIe (97) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schatz, G. C.; Jarrold,
interaction$997.98The calculated cross sections and mobilities, M. F. J. Phys. Cheml1996 100, 16082.
shown in Table 2, indicate that the lowest-energy stacked (98) Shvartsburg, A. A.; Hudgins, R. R.; Dugourd, P.; Jarrold, MJ.FPhys.

. . ) Chem. A1997 101, 1684.
structure predicted by the DFT calculation results in an average (99) Armentrout, P. BJ. Am. Mass Spectrar2002 13, 419.
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Therefore, the mobilities obtained from tiyess P/V plots shown

22% [\ (CeHg)" Faw =023V in Figure 11-b represent average mobilities of the two structural
(C6H6)2+ isomers for each cluster. These average mobilifgg ére listed
; - - : : in Table 2.
84.4 Eqy=0375eV Comparison of the measured ATDs of theltlg),* ions with

n = 1-6 to those calculated from the transport equation (eq 7)
can be used to ascertain whether the observed features result
from several isomers with slightly different mobilities or appear
Eqq=05eV to result from only a single isomer as in the case ofHg,"
ions shown in Figure 9. Comparison of the ATDs oflfg)s™
indicates that the measured distribution is considerably broader
than the calculated ATD from eq 6, as shown in Figure 12-a.
The broader distribution indicates that thelg)s™ clusters do
not have a single structure in the gas phase, but exist in a number
of closely related conformations. However, the possibility of
04 05 06 07 08 09 10 11 dissociation of the larger clusters inside the drift tube may also
result in broader distributions of the ¢@s)s* ions. To further
determine whether the measured ATDs of thgHgs™ ions
Figure io_. Effect of injection energy on the dissociation of mass-selected 5e influenced by dissociation inside the drift tube, we changed
(Cefg)2" fons. the buffer gas pressure and the drift voltage so that the ions
indicates that the fragmentation of the dimer ion takes place atspend either more (higher pressure or lower drift voltage) or
the entrance to the cell and has no effect on the measuredess time (lower pressure or higher drift voltage) in the drift
mobility of the generated monomer ion or on the ATD peak tube. If the ions spend more time inside the drift tube,
shape. Considering the relatively large binding energy of the dissociation from larger clusters should result in significant tails
dimer cation, it is most likely that larger clusters with less in the ATDs compared to the calculated ones. In contrast, the
binding energy than the dimer would dissociate at the entranceexperiments showed that the ATDs of theffg),* ions withn
of the drift tube, thus creating a new distribution of smaller = 3—6 remain symmetric with no obvious tailing at smaller
clusters. Also, the ATD and mobility of the §He)." ions drift fields which correspond to longer drift times. These results
measured with the first quadrupole operating in Rig-only further support the conclusion that fragmentation of the cluster
mode are identical to those measured with the mass-selectionons takes place at the entrance of the drift tube, and that no
mode. These results indicate that the use ofRRFeonlymode significant dissociation takes place during the drift time.
for the injection of larger clusters into the drift has no serious Therefore, the observed broader distribution of theHgJs™
effects on the measured mobilities of larger clusters. ions appears to reflect the existence of more than one isomer
Figure 11-a displays typical ATDs of the {ds),* ions for with close collision cross sections. In fact, the MC calculations,
n = 1—6, and Figure 11-b shows the corresponding ploty of  discussed in section 3, found two isomers for thgHgs™
vs P/V used to calculate the mobilities of {8s)n™ according cluster [structures (d) and (e) in Figure 4] with less than 7%
to eq 3 and assuming that the ATD peak contains only one difference in energy. These structures are used to obtain average
structure. As shown below, the ATDs of the= 3—6 clusters collision cross sections using the trajectory calculatf838The
are analyzed in terms of two structural isomers for each cluster. calculated cross sections and mobilities, shown in Table 2,
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Figure 11. (a) Measured ATDs of (§Hs)n" with n = 1—6. (b) Plots ofty vs P/V used to calculate average mobilitié&[(av)] of the (GHe)nt with n =
1-6, assuming a single isomer for each cluster.
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Figure 12. (a) Comparison of the measured ATD of the benzene trimer
cation (GHe)s" with the predictions of transport theory for a single isomer.
(b) Comparison of the measured ATD of the benzene trimer catighig}&

with the predictions of transport theory for two structural isomers.
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Figure 13. (a) Comparison of the measured ATD of the benzene tetramer
cation (GHg)4" with the predictions of transport theory for a single isomer.

(b) Comparison of the measured ATD of the benzene tetramer cation
(CsHg)4* with the predictions of transport theory for two structural isomers.

indicate that the two lowest-energy isomers identified by the
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Figure 14. (a) Comparison of the measured ATD of the benzene pentamer
cation (GHe)s* with the predictions of transport theory for a single isomer.
(b) Comparison of the measured ATD of the benzene pentamer cation
(CeHe)s™ with the predictions of transport theory for two structural isomers.
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Figure 15. (a) Comparison of the measured ATD of the benzene hexamer
cation (GHe)s"™ with the predictions of transport theory for a single isomer.
(b) Comparison of the measured ATD of the benzene hexamer cation
(CsHe)s™ with the predictions of transport theory for two structural isomers.

resolution drift tubes (resolving power of 26800)1%it would

MC search technique result in average cross sections thatpe possible to separate the broad ATDs of larger gHL™

compare well with the measuré&2ifor the (GHg)s™ cluster [the
mobilities of structures (d) and (e) differ by 1.9 and 3.5%,
respectively, from the mobilities of (Elg)s™ obtained from the
ATD fits to two isomers with the % abundance given in Table
2].

Similar to the (GHe)s™ ions, the ATDs of (GHe)n™ with n
= 4—6, consist of broader distributions as compared to the
calculated distributions from the transport equation as shown
in Figures 13-15. Further support that the broad ATDs of the
(CeHe)nt ions with n = 3—6, reflect the existence of several

to resolved components corresponding to families of structural
isomers with very close (less than 5%) collision cross sections.
Another possibility to improve the resolution is to carry out
the mobility experiments at lower temperatures since the
resolution depends ofi 2100 Fyture experiments will inves-
tigate the temperature dependence of the mobilities gfi{fa".

It would be interesting to observe structural changes at different
temperatures, which can yield quantitative information on the
isomerization barriers between different structural isomers.

The measured ATD of the ¢Blg)4™ clusters can be fitted to

structural isomers for each cluster is obtained by measuring theWO Structural isomers as shown in Figure 13-b. The resulting

fwhm of the ATDs at increasing resolutions of the mobility tube.

The results of these experiments indicate that increasing the

resolving power (by increasing both the drift field and the helium
pressure but keepirfgfVV constant in order to keep the mobilities
in the low-field limit) results in larger fwhms of the ATD peaks
as compared to the calculated distributions. Our current drift

tube has a resolving power of about 20; thus, isomers with more
than 5% difference in cross sections can be separated. With high-

mobilities, cross sections and % abundance are given in Table
2. The calculated lowest-energy structures (f, g, and h in Figure
5) indicate that structures (f) and (g) are nearly similar with
only 0.2 kcal/mol difference in energy. These structures are
assigned to the first isomer of the ¢fs)s" cluster. The
calculated cross section of these structures agree perfectly with

(100) Dugourd, P.; Hudgins, R. R.; Clemmer, D. E.; Jarrold, MRE.. Sci.
Instrum 1997 68, 1122.
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obtained by sequentially sliding each benzene ring in the parallel

180L __ . DST .,"/// configuration by 50% from the eclipsed position. The DST
..... EST : ' structure is constructed by duplicating the T-shaped configu-
160+ —.— PSP | - ration in a displaced pattern.
140 L : 122‘;}32 o The eclipsed sandwich stacked pattern is characterized by
S5 compact structures and, therefore, exhibits the smallest cross
<120} sections and shows a smaller increase in cross sections as cluster
G 100 L size increases. The eclipsed staked T-shaped structures show
the largest cross sections and the largest increase with cluster
80 size. It is clear that the measured cross sections fer2 and
60 | 3 lie very close to the ESS growth pattern. However, a
. significant deviation from the ESS pattern starts to appear at
i 2 3 ); 5 é =4, and becomes more apparenhat 5 aqd 6. This indicates
that the perfect sandwich structures with all the molecules
Molecules in the Cluster stacked parallel to one another are less likely to be present in
Figure 16. Comparison of the measured collision cross secti@ng\?) larger clusters. It is also expected that the number of lowest-

for (CeHe)n" with the cross sections calculated for the ESS, DST, EST, . il idl ith Fi 16 highlight
and DSP structural patterns. The points for isomer 1 and 2 are obtained energy Isomers will increase rapidly with Figure Ighlights

from the ATD fits to two peaks (see text for details). the value of the ion mobility experiments where a hypothetical
structural pattern can be tested through the comparison with
the measured cross section assigned to one of the two structuraihe measured cross sections. For example, if it is possible to
isomers used to fit the ATD of (§Ele)4" shown in Figure 13-b. assemble multiple phenyl rings through appropriate covalent
The next lowest-energy structure (structure h in Figure 5) results linkages to produce a stacked structure, then one can measure
in a cross section that agrees within 5.7% with the measuredthe cross section of such an assembly and obtain direct
cross section assigned to the second isomer of thelgje" information on the degree of stacking. This in turn, would guide
cluster. Clearly the agreement is not as good as for the lowest-the synthesis approach by optimizing the experimental param-
energy structure (structure f). This is probably an indication that eters needed for the design of new molecular assemblies. Future
the frozen structure used to calculate the collision cross sectionstudies will focus on the application of ion mobility to obtain
of the second isomer of (Elg)4" does not reflect the dynamic  direct structural information on the assemblies of organic
nature of collision process. In this case, molecular dynamic molecules including oligomers of olefin and diolefin mole-
simulations may obtain a better description of the structure cules.
involved in calculating the collision cross section where an
average of several conformations of the cluster isomer can beV- €onclusions

considered?:"° In this work we used gas-phase i bili i
gas-phase ion mobility experiments and

The two lowest-energy isomers of the ¢t€)s* cluster  theoretical calculations to determine the structures of benzene
(structures i and j in Figure 6) result in cross sections that agreecjyster cations (gHg),™ with n = 2—6. Density functional
within 1% with the cross sections obtained from the fitting of calculation, at an all-electron level and without any symmetry
the ATD to two isomers as shown in Figure 14-b. Similarly, constraint, predicts that the dimer cation has two nearly
the two lowest-energy structures of theeklg)s” cluster  gegenerate ground-state structures with the sandwich configu-
(structures | and m in Figure 7) reproduce the cross sectionsyation more stable than the T-configuration by only 0.07 eV.
obtained from fitting the ATD to two isomers as shown in Figure The jon mobility experiment indicates that only one structure
15-b. The resulting mobilities, cross sections, and % abundancejs gbserved for the mass-selected dimer cation at room tem-
are given in Table 2. perature. The calculated cross section for the sandwich structure

From the above results, it is clear that the cross sectionsagrees very well with the experimental value. For the 3—6
calculated for the lowest-energy isomers located by the MC clusters, the experiments suggest the presence of at least two
quenching technique provide very good matching to the structural isomers with close cross sections for each cluster. The
measured ATDs as shown in Figures-1I5 and Table 2. With calculated cross sections for the two lowest-energy isomers of
the exception of the second isomer of thesHg)4™ cluster each cluster predicted by Monte Carlo simulations agree well
[structure (h)], the differences between the measured andwith the experimental results. The clusters’ structures reveal
calculated cross sections are less than 4%. two different growth patterns involving a sandwich dimer core

Figure 16 shows the average collision cross section obtainedor a pancake trimer stack core. The trimer stack allows the
from the measured mobility of each of dd),™ ions, as a charge to hop between two dimers, thus maximizing charge
function of the number of benzene molecules in the cluster. resonance interaction in the clusters. The lowest-energy isomers
The smoothly increasing function of the cluster size is expected of the n = 3—6 clusters incorporate the pancake trimer stack
for structurally closely related cluster ions. The measured crossas the cluster’s core.
sections forn = 2—6 are compared to the cross sections  The present work also reports the first observation of magic
corresponding to the four idealistic growth patterns ESS, DSP, numbers larger than = 14 in the (GHg)," cluster sequence.
EST, and DST considered for the assembly of benzene clusterThe observation of enhanced ion intensities at 20, 24, 27,
cations. The ESS and EST patterns are created by duplicatingand 30 is consistent with the incorporation of a benzene dimer
the sandwich and T-shaped dimer structures, respectivelycation within a double icosahedrah (= 20) and other
obtained from the DFT calculations. The DSP structure is interpenetrating icosaherdral structures< 24, 27, and 30),
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indicating that the stacked dimer cation becomes the predomi-theoretical studies of molecular design and recognition involving
nant ion core in larger clusters. aromatic systems.

On the basis of the ion mobility results and the structural
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