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Study of the benzene "N2 intermolecular potential-energy surface
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The intermolecular potential-energy surface pertaining to the interaction between benzene and N2 is
investigated theoretically and experimentally. Accurate intermolecular interaction energies are
evaluated for the benzene–N2 van der Waals complex using the coupled cluster singles and doubles
including connected triples@CCSD~T!# method and the aug-cc-pVDZ basis set extended with a set
of 3s3p2d1 f 1g midbond functions. After fitting the energies to an analytic function, the
intermolecular Schro¨dinger equation is solved to yield energies, rotational constants, and
Raman-scattering coefficients for the lowest intermolecular levels of several benzene–N2

isotopomers. Experimentally, intermolecular Raman spectra of jet-cooledh6- andd6-benzene–N2
measured at 0.03 cm21 resolution by mass-selective, ionization-detected stimulated Raman
spectroscopies are reported. Seven intermolecular bands are assigned for each isotopomer, including
transitions involving intermolecular bending and stretching vibrations and internal rotation about the
benzeneC6 axis. These Raman data, together with measured rotational constants and binding
energies obtained by other groups on benzene–N2, agree well with the theoretical results. Such
agreement points to the promise of the quantum chemical methodology employed herein in future
investigations of larger van der Waals complexes. ©2003 American Institute of Physics.
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I. INTRODUCTION

Characterization of the intermolecular level structures
molecular complexes and clusters can lead to deta
knowledge of intermolecular potential-energy surfac
~IPSs! and of dynamics in multimolecule systems.1,2 In such
an endeavor a comprehensive approach consisting of~a! ex-
perimental measurements,~b! calculations of IPSs, and~c!
dynamically-exact calculations of intermolecular states
be very valuable: The highly-coupled, large-amplitude m
tions that are often associated with intermolecular states
to significant complications in the extraction of useful info
mation from experimental results, complications that requ
close coupling between experiment and computations in
der to be overcome.

In the calculation of IPSs, advances in computatio
methods and increases in computing power in recent y
have made it possible to useab initio electronic structure
methods to calculate intermolecular interaction energies o
a sufficient number of grid points to permit the generation
fitted IPS functions, accurate on a wave number scale,
molecule–atom and molecule–molecule van der Waals c
plexes ~e.g., Refs. 3–7!. At the same time, significant ad
vances have also been made in solving, without dynam
approximations apart from the rigid-monomer approxim
tion, the intermolecular rotation-vibration-tunneling Schr¨-

a!Present address: Institute of Molecular Science, Department of Phy
Chemistry, University of Valencia, Dr. Moliner 50, E-46100 Burjass
~Valencia!, Spain.
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dinger equation, given an assumed IPS~e.g., Refs. 8 and 9!.
The upshot is that it is now feasible to make direct compa
son between experiment and first-principles theory for v
der Waals species with as many as six intermolecular deg
of freedom.

The principal purpose of this paper is to make such
comparison for the benzene–N2 complex. This species is o
interest for several reasons. First, it is a convenient mo
system for investigating the details of physisorption inter
tions between N2 and aromatic surfaces. Second, it rep
sents the next step up in complexity relative to atom
polyatomic van der Waals species in the investigation
intermolecular forces and dynamics. Besides the dispers
exchange-repulsion interactions that dominate in contrib
ing to the intermolecular force-field of the former specie
there are significant electrostatic contributions to t
benzene–N2 force field, contributions that often play a cen
tral role in the interactions betweenp-electron systems. Fur
ther, the five-dimensional nature of the intermolecular pro
lem in benzene–N2 leads to qualitatively different
intermolecular dynamics~e.g., internal-rotation and torsiona
motions! than is possible in atom–molecule systems. Thi
the complex’s high symmetry facilitates calculations of
IPS and of its intermolecular level structure. Finally, the sp
cies has been studied spectroscopically by several diffe
groups. Indeed, there are experimental results pertainin
its vibronic spectroscopy,10,11 rotational level structure,11,12

binding energy,13 and intra-,14 and intermolecular15 vibra-
tional spectroscopy.

al
0 © 2003 American Institute of Physics
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1231J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 The benzene•N2 PES
The outline of the paper is as follows: In the next sect
we present the results ofab initio calculations aimed toward
elucidating the IPS of the complex. These calculations
beyond prior work on the complex16–18 in two ways: First,
the number of grid points considered~198! is larger. Second
the level of the calculation is higher. Indeed, it is at a le
shown to yield wave-number-accurate intermolecular vib
tional results for the benzene–Ar complex.3–5 In Sec. III we
describe the fit of theab initio results to an analytic IPS
function and present the results of that fit. Section IV p
tains to the calculation, by the procedures of Ref. 19, of
intermolecular states of benzene–N2 for the IPS of Sec. III.
Results relating to theJ50 level structure, the rotationa
constants of selected vibrational states, and intermolec
vibrational Raman scattering activities are presented. Sec
V outlines experimental procedures employed to obtain n
linear Raman spectroscopy data on the intermolecular t
sitions of the complex. New, more extensive results fr
such experiments are then presented in Sec. VI. These re
go a long way toward characterizing the low-energy interm
lecular level structure of benzene–N2 and toward confirming
the accuracy of the theoretical results. Section VII is a c
cluding section.

II. AB INITIO CALCULATIONS

The ab initio calculation of van der Waals IPSs withi
the Born–Oppenheimer approximation is a formidable ta
The number of grid points needed is often prohibitive
itself, as the entire surface must be covered in order to al
for the large-amplitude intermolecular modes typical
weakly bound complexes. Furthermore, highly correla
levels of size-extensive electronic structure theory accom
nied by relatively large atomic basis sets are imperative
accurately calculating the interaction energies. Subscrib
to the supermolecular approach, interaction energies
computed as the difference between the complex energy
the sum of monomer energies. Accounting for the inher
basis set superposition error via the counterpoise correcti20

implies that three separateab initio calculations are neede
for each grid point, thus making the total number of comp
tations thrice the number of grid points. Moreover, the co
terpoise correction scheme simultaneously enlarges the
of the basis set and reduces the point group symme
thereby increasing the computational effort for the monom
calculations.

In the spirit of the Born–Oppenheimer approximati
underlying the concept of an IPS, we choose to fix
nuclear conformations of the benzene and N2 moieties at
values determined from rotational analysis of experimen
spectroscopic data. The benzene molecule is kept in the
nar D6h geometry withRCC51.397 Å andRCH51.080 Å,21

and for the nitrogen moleculeRNN51.0977 Å.22 The num-
ber of ‘‘active’’ internal nuclear coordinates consequently
duces to the five intermolecular ones, thus effectively dec
pling the intra- and intermolecular modes of nuclear moti
This approximation is justifiable by the large differences b
tween typical frequencies of intra- and intermolecular vib
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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tions. However, even with this reduction of the IPS dime
sion, we are faced with a devastating computational effort
a reasonably uniform grid. To further reduce the dimens
of the grid we initially focus on points with symmetry, i.e.,
leastCS point group symmetry, followed by a limited set o
computationally more expensive no-symmetry points cho
from a preliminary fit to an analytical expression. The high
symmetry points initially considered are comprised of tho
for which the N2 center-of-mass is located on one of th
benzene principal axes of inertia with the vector connect
the nitrogen nuclei parallel to the same or to another of th
axes, giving nine series of grid points. The additional poi
are chosen in the neighborhood of the global minimum of
preliminary fit. See Ref. 23 for the full set of 198 grid poin
calculated in the present study.

In previous work,3–7 the coupled cluster singles an
doubles including connected triples model@CCSD~T!# ~Ref.
24! in conjunction with augmented correlation consistent p
larized valence atomic basis sets has been shown to pro
sufficient correlation treatment to describe the demand
electronic structure of similar van der Waals complexes. P
ticularly relevant for our purposes, recent studies of
ground and first singlet excited state IPSs of the benzene
complex3–5 have demonstrated the adequacy of the CCSD~T!
model along with the aug-cc-pVDZ basis set extended wit
3s3p2d1 f 1g ~henceforth denoted 33211! set of bond func-
tions for theoretically generating rovibrational spectra
quantitative agreement with available experimental resu
Therefore, without further testing, we employ the CCSD~T!
model and the aug-cc-pVDZ-33211 basis set~see, e.g., Ref.
3 for the exponents defining the 33211 set! for calculating
the ground state interaction energies of the benzene2

complex. For each grid point, the bond functions are pla
in the middle of the vector joining the centers-of-mass of
benzene and N2 molecules. All interaction energies are cou
terpoise corrected20 and calculated in the frozen core a
proximation using theDALTON program.25–27 Despite the
various approximations described above, the total comp
tional cost of generating the grid exceeds 24 months of C
time using a variety of computer architectures, illustrati
both the capabilities and limitations of state-of-the-art qu
tum chemistry.

As outlined in the following section, only 37 low-energ
geometries from the complete set of 198 addressed by thab
initio calculations were used in generating a fitted IPS fu
tion. The calculated energies for these geometries are
sented in Table I. In the table the geometries are specified
coordinates referred to the body-fixed axis system B1

[( x̂1 ,ŷ1 ,ẑ1), which is centered at the complex’s center-o
mass and hasẑ1 parallel to the benzeneC6 axis and pointing
away from the benzene moiety,x̂1 parallel to the bisector of
the bond between carbon #1 and carbon #2 of benzene,
ŷ1 so as to complete a right-handed coordinate system.
specific coordinates are~a! z, r, andF, the cylindrical coor-
dinates in BF1 of the vector from the benzene center-of-ma
to the nitrogen center of mass and~b! f and u, the polar
angles that specify the orientation of the N2 internuclear axis
relative to BF1 .
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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1232 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Lee et al.
III. FITTED INTERMOLECULAR POTENTIAL-ENERGY
SURFACE

A. IPS function

Ab initio energies computed as described in the prec
ing Section were fit to an IPS function consisting of tw
parts,

V[V11V2 . ~3.1!

The V1 part contains atom–atom 6–12 terms between
nonbonded atoms on the benzene and the N2 moieties, as
well asN–C–Cthree-body terms,

V15(
i

FvCS (
j

uC
2~r i j !1w(

j .k
uC~r i j !uC~r ik! D

1vH(
l

uH
2 ~r il !G2vC~12130w!212vH , ~3.2!

where the indicesi, j, k, and l run over the N, C, C, and H
atoms, respectively,r i j is the distance between atomi and j,

TABLE I. Benzene–N2 grid points andab initio-calculated interaction en-
ergies. Interaction energies (V, Vfit) are given in cm21, distances~z, r! in Å,
and angles~Q, F, u, andf! in degs.

z r F u f Va Vfit2V

4.000 00 0.000 00 0.0 90.0 0.0 2356.285 80 23.635
3.750 00 0.000 00 0.0 90.0 0.0 2443.593 18 1.886
3.600 00 0.000 00 0.0 90.0 0.0 2487.996 54 2.919
3.500 00 0.000 00 0.0 90.0 0.0 2506.645 01 1.987
3.450 00 0.000 00 0.0 90.0 0.0 2510.431 87 1.041
3.400 00 0.000 00 0.0 90.0 0.0 2509.169 06 20.120
3.350 00 0.000 00 0.0 90.0 0.0 2501.595 30 21.311
3.300 00 0.000 00 0.0 90.0 0.0 2486.216 21 22.224
3.250 00 0.000 00 0.0 90.0 0.0 2461.268 55 22.367
3.200 00 0.000 00 0.0 90.0 0.0 2424.770 84 20.908
3.150 00 0.000 00 0.0 90.0 0.0 2374.003 28 2.954
4.000 00 0.000 00 0.0 90.0 90.0 2356.164 37 23.757
3.850 00 0.000 00 0.0 90.0 90.0 2408.920 38 20.161
3.700 00 0.000 00 0.0 90.0 90.0 2459.570 05 2.279
3.600 00 0.000 00 0.0 90.0 90.0 2487.732 23 2.637
3.500 00 0.000 00 0.0 90.0 90.0 2506.341 48 1.651
3.400 00 0.000 00 0.0 90.0 90.0 2508.827 16 20.521
3.300 00 0.000 00 0.0 90.0 90.0 2485.838 77 22.709
3.200 00 0.000 00 0.0 90.0 90.0 2424.270 85 21.607
3.150 00 0.000 00 0.0 90.0 90.0 2373.591 29 2.271
3.450 00 0.000 00 0.0 90.0 15.0 2510.265 66 0.852
3.450 00 1.224 74 45.0 90.0 15.0 2351.420 51 3.095
3.450 00 0.000 00 0.0 80.0 15.0 2492.481 15 1.139
3.450 00 0.750 00 0.0 80.0 15.0 2418.530 43 20.832
3.450 00 0.750 00 90.0 90.0 15.0 2429.143 47 20.433
3.450 00 0.250 00 0.0 90.0 0.0 2501.117 41 0.232
3.450 00 0.750 00 0.0 90.0 0.0 2437.358 87 21.165
3.450 00 0.750 00 90.0 80.0 15.0 2409.034 75 0.977
3.450 00 0.750 00 0.0 90.0 15.0 2436.528 99 21.505
3.450 00 0.250 00 90.0 90.0 90.0 2500.860 36 20.195
3.450 00 0.750 00 90.0 90.0 90.0 2437.106 41 23.154
3.450 00 0.250 00 0.0 90.0 15.0 2500.872 81 0.063
3.450 00 0.250 00 90.0 90.0 15.0 2499.663 61 0.376
3.450 00 0.750 00 90.0 90.0 0.0 2428.952 31 20.018
3.450 00 0.250 00 90.0 90.0 0.0 2499.752 94 0.576
3.450 00 0.750 00 0.0 90.0 90.0 2428.136 37 21.406
3.450 00 0.250 00 0.0 90.0 90.0 2499.362 10 0.248

aWe have employed the following conversion factors: 1 bo
50.529 177 25 Å, 1 hartree5219 474.625 cm21.
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uC(r )[12(r C/r )6, uH(r )[12(r H /r )6, and vC, r C, vH ,
r H , andw are fitting parameters.V1 is a slight modification
of the functional form employed by Brupbacheret al.28 in
their representation of the IPS of benzene–Ar. TheV2 part
contains coulombic interaction terms between charge cen
on the nitrogen and benzene. The charge centers on the
zene were taken to be at the positions of the carbon
hydrogen nuclei. All the carbons were taken to have the sa
charge, and all the hydrogens were taken to have cha
equal and opposite to those of the carbons. On the nitro
molecule three charge centers were used. One was take
be at the molecule’s center-of-mass. The other two w
taken to be at the positions of the nitrogen nuclei. The la
two charges were assumed to be equal, and the third
taken to be opposite to these with twice their magnitu
Hence,

V25qNCF2S (
j

1

r j
2(

l

1

r l
D 2(

i
S (

j

1

r i j
2(

l

1

r il
D G , ~3.3!

where i, j, and l have the same meaning as in Eq.~3.2!, r j

andr l are the distances between the center charge on th2

and thej th carbon andl th hydrogen, respectively, andqNC is
a fitting parameter. Note that because of the symmetry of
assumed charge distributions, only one independent ch
parameter,qNC, is required to specify the Coulombic inte
action. Note further that 2qNC represents the product of th
charge on a carbon with that at the center of the nitrog
molecule. Based on a consideration of the quadrupole
ments of the dinitrogen29 and benzene30 moieties, one would
expect this parameter to be negative~the carbon charge
should be negative and that at the center of the N2 should be
positive!. Finally, note thatV is such that the zero of the
potential corresponds to infinitely separated benzene and2

moieties.

B. Fitting procedure and results

A nonlinear least-squares method employing M
quardt’s algorithm31 was used to fitV from Eq. ~3.1! to the
ab initio-calculated energies. Onlyab initio energies less
than a predetermined cut-off were included in any given
For the final fitted function used herein the energy cut-
was chosen to be2330 cm21, giving rise to the 37 pointab
initio data set of Table I. The best-fit parameters result
from this fit are given in Table II. The quality of the fit, a
measured by the root-mean-square deviation betweenab ini-
tio and fit energies, is 2 cm21. A direct comparison between
ab initio energies and those from the fitted function is giv
in Table I. Significant deterioration in the quality of fits~e.g.,
greater than twofold increases in root-mean-square de
tion! was found to occur for energy cut-off values high
than2300 cm21. This was largely due to the inability to fi
accurately the energies for those geometries having 0,u

TABLE II. Potential-energy parameters for benzene–N2 calculations.

vC568.7152 cm21 r C53.7559 Å w520.271 38
vH530.4110 cm21 r H53.4235 Å qNC520.067 356 a.u.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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,45°. One suspects that inadequate modeling of elec
static and/or the exchange-repulsion interactions inV of Eqs.
~3.1!–~3.3! is responsible for this, an inadequacy that mig
be addressed in future studies with a more flexible IPS fu
tion. In any case, because of this deterioration in fit qua
the2330 cm21 value was employed for the cut-off. Notabl
this energy is 180 cm21 above the minimum on theab initio
surface and~as detailed below! is about 74 cm21 above the
computed intermolecular zero-point energy of the compl
One therefore expects results obtained with the fitted fu
tion to be most accurate in the low-energy region of
intermolecular level structure, the region that is relevant
almost all existing experimental results.

While no claim of uniqueness can be made for the be
fit parameter values of Table II, it is pertinent to exami
whether they are reasonable. Comparing the values ofvC,
r C, and w with their analogs from the benzene–rare g
studies of Brupbacheret al.,28 one finds that the former ar
in the same range as the latter. ComparingvC and vH , one
notes that the factor-of-2 or so difference between them
that which might be expected given literature values
Lennard-Jones parameters for N–C and N–H interaction32

Finally, the value ofqNC has the expected negative sign~see
above! and has a magnitude that suggests partial charge
the order of 0.2 a.u. at the various charge centers, a value
is in rough accord with calculations of charge distributions
the monomers.

C. Characteristics of the fitted IPS

The fitted IPS obtained by using Eqs.~3.1!–~3.3! and the
parameters of Table II has six equivalent global minima
2510.036 cm21 corresponding to geometries in which~a!
the N2 moiety’s center-of-mass is on theC6 axis of benzene
at a distance ofR53.425 Å from the plane of the latte
moiety, ~b! the N2 is oriented with its internuclear axis pa
allel to the benzene plane, and~c! the projection of the N2
internuclear axis onto the benzene plane makes an ang
0° with respect to aC–C–Cbond-angle bisector.

A rough picture of the intermolecular level structure
benzene–N2 corresponding to the fitted IPS can be obtain
by computing diagonal force constants for expected interm
lecular modes and then using those force constants to
mate harmonic vibrational frequencies. One expects three
termolecular modes to be roughly harmonic:~a! a doubly-
degenerate bend (nb), corresponding to relative translatio
of the N2 and benzene moieties parallel to the benzene pla
~b! a singly degenerate stretch (ns), corresponding to rela
tive translation along the benzeneC6 axis, and~c! an N2

libration (nu), corresponding to hindered rotation of the N2

moiety about an axis perpendicular to both its internucl
axis and to the benzeneC6 axis. For these modes one calc
lates harmonic frequencies of 44, 60, and 72 cm21, respec-
tively. To obtain these values we took the relevant iner
factors to beA1/m1R2/I' for the bend,15 A1/m for the
stretch, andA1/I for the libration, wherem is the reduced
mass of the complex,I' is the moment of inertia of benzen
perpendicular to itsC6 axis, andI is the moment of inertia of
the N2 moiety.
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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In addition to the aforementioned intermolecular vibr
tions, one also expects an intermolecular degree of freed
corresponding primarily to internal rotation/torsion of the N2

about an axis perpendicular to its internuclear axis and p
allel to theC6 axis. From the fitted IPS the barrier to th
motion is only 0.05 cm21. As such, one expects essentia
free internal rotation corresponding to this degree of fr
dom, with an internal rotation constantb[(1/I 11/I i)/2
.2.1 cm21, where I i is the moment of inertia of benzen
along itsC6 axis.

IV. CALCULATION OF INTERMOLECULAR STATES

A. Hamiltonian, basis set, procedures

The calculation of benzene–N2 intermolecular states fo
this work proceeded as described in detail in Ref. 19. Brie
the intermolecular rotational/vibrational Hamiltonian~rigid
monomers assumed! was expressed in terms of the five c
ordinates fixing the position of the N2 moiety relative to the
benzene and referred to the BF1 body-fixed axis system~i.e.,
z, r, F, u, and f, see Sec. II! and ~b! three Euler angles
fixing the orientation of BF1 with respect to a space-fixe
axis system. This Hamiltonian is readily expressed@see Eqs.
~3.1! and ~3.2! of Ref. 19# as the sum of a vibrational (J
50) term, Hv , and a rovibrational term,Hrv , the latter
corresponding to the overall rotational motion of the co
plex as well as substantial Coriolis coupling terms. The o
substantive difference between the Hamiltonian of this w
and that of Ref. 19 is the IPS function employed. Here,
use the functionV detailed in Sec. III above.

Intermolecular vibrational states were computed var
tionally by using filter diagonalization methods33–35 to diag-
onalize theJ50 Hamiltonian. The Hamiltonian was ex
pressed in a basis set fully symmetry-adapted to theG24

molecular symmetry group36 of the complex. The functiona
form of the basis set, the parameters delineating its size,
the parameters defining the size of the grid on which ma
elements ofV were computed, were all identical to those
Ref. 19. Monomer geometries were taken to be identica
those used for theab initio calculations~see Sec. II!. The
inertial factors employed for the three isotopomers cons
ered are given in Table III. Convergence of zero-point lev
and the reliability of the computer code was checked
comparing the variationally calculated zero-point energ
for h6-benzene–14N2 ~2403.72 cm21!, h6-benzene–15N2

~2405.68 cm21!, andd6-benzene–14N2 ~2406.97 cm21! to
values computed by rigid-body diffusion Monte Car
~RBDMC!.37 Agreement between variational and RBDM

TABLE III. Inertial parameters for benzene–N2 calculations.

Isotopomer I'5
Ii

2

a
Ib mc

h6-benzene–14N2 88.8773 8.473 385 5 20.604
h6-benzene–15N2 88.8773 9.078 627 21.669 906
d6-benzene–14N2 107.398 8.473 385 5 21.008 6

aThe in-plane moment of inertia of benzene in amu Å2.
bThe moment of inertia of nitrogen in amu Å2.
cThe reduced mass of the complex in amu.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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1234 J. Chem. Phys., Vol. 118, No. 3, 15 January 2003 Lee et al.
results was found to within the statistical error of the R
DMC calculations~60.5 cm21! for all three isotopomers
Notably, the zero-point energy ofh6-benzene–14N2 com-
pares reasonably well with the experimental value of2323
624 cm21 obtained from measurements of the adiabatic i
ization potential of benzene and the appearance potenti
benzene1 from photoionization of benzene–N2.13

B. JÄ0 level structure

Table IV summarizes the results of calculations relat
to the intermolecular level structures of perprotonated
predeuterated benzene–14N2 for the fitted IPS of Sec. III.
The table includes all states,90 cm21 above the zero-poin
levels. Assignments of the states were made on the bas
~a! the expectation values of geometrical quantities, as gi
in the table for the perprotonated species,~b! the basis-set
composition of the eigenstates, and~c! the energy-level pat-
tern of the states. Relevant to~b!, one basis-set quantum
number~l! is directly associated with van der Waals bendi
states, and a second~m! is associated with internal rotatio
states~see Ref. 19!. Specifically, l is the quantum numbe
associated with the component of angular momentum al
the benzeneC6 axis due to the orbital motion of the mono
mers’ centers-of-mass in BF1 . Associated with states havin
n quanta in a ‘‘pure’’ van der Waals bending mode are valu
of ulu equal to one of the following:n, n22, n24,... . m is the
quantum number associated with angular momentum a
C6 arising from the rotation of the monomers about th
individual centers-of-mass. A pure internal rotation state
characterized by a single value ofm and by an energy equa
to bm2, with b defined in Sec. III C.

As indicated in Table IV, theJ50 level structure can be
readily assigned in terms of a 37.1 cm21 ~35.1 ford6) bend-
ing mode (nb ,E1

1), a 48.6 cm21 ~48.4 cm21! stretching
mode (ns ,A1

1), a 66.5 cm21 ~65.8 cm21! N2 librational
mode (nu ,A1

2), and internal rotation structure withb
52.155 cm21 ~2.137 cm21! built on states corresponding t
quanta in these three modes. The computed fundamenta
quencies of the three vibrational modes are quite reason
in the light of the corresponding harmonic frequencies fou
for the fitted IPS in Sec. III C. Similarly, the internal rotatio
constant found in theJ50 calculations is close to that ex
pected for free internal rotation about theC6 axis in a com-
plex for which u590° andr50. While almost all of the
assigned states are.90% pure with respect to the aforeme
tioned modes as judged by the basis-set composition, s
involve significant contributions from other zeroth-order le
els. Such states are indicated in Table IV by placing th
nominal assignments in parentheses.

C. Rotational constants

Intermolecular rovibrational states and energies and
tational constants obtained therefrom, were computed f
J50 states by the Eckart-frame transformation method p
sented first in Ref. 38 and applied directly to benzene–N2 in
Ref. 19. As pointed out in these works this method produ
rovibrational eigenstates to the extent that rotation-vibrat
coupling terms in the full Hamiltonian are eliminated wh
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-

-
of

g
d

of
n

g

s

g
r
s

re-
le

d

e

ir

-
m
-

s
n

that Hamiltonian is transformed to the Eckart frame. An a
sessment of the accuracy of rovibrational energies obta
by the Eckart method for benzene–N2 is given in Ref. 19 for
an IPS different than that employed herein. One expe
similar accuracy to apply to the results reported below.

TABLE IV. Calculated properties ofJ50 intermolecular states for perpro
tonated and perdeuterated benzene–14N2 isotopomers.

Irrep Energya/cm21 ^z&b/Å Dzc/Å ^r&d/Å D(cosu)e Assignmentf

A1
1 0 3.520 0.122 0.358 0.176 Zero-point

48.62~48.37! 3.592 0.215 0.441 0.189 ns

74.85~71.01! 3.557 0.145 0.626 0.188 2nb

77.49~76.88! 3.518 0.122 0.357 0.170 6
82.77~78.66! 3.575 0.149 0.691 0.186 2nb12
87.13~86.02! 3.565 0.269 0.472 0.192 2ns

A2
1 77.49~76.87! 3.518 0.122 0.357 0.170 6

81.37~77.28! 3.565 0.128 0.708 0.184 2nb12
B1

1 46.95~44.60! 3.542 0.125 0.549 0.178 nb12
70.42~68.42! 3.541 0.126 0.524 0.192 nb14
86.80~85.27! 3.593 0.162 0.523 0.264 (nu13)

B2
1 46.78~44.44! 3.541 0.125 0.549 0.178 nb12

70.42~68.42! 3.541 0.126 0.524 0.192 nb14
86.75~85.20! 3.594 0.163 0.525 0.263 (nu13)

E1
1 37.13~35.09! 3.537 0.125 0.540 0.182 nb

46.43~44.18! 3.546 0.125 0.545 0.181 nb12
68.94~68.12! 3.583 0.136 0.424 0.304 nu11
73.28~70.62! 3.543 0.125 0.552 0.176 nb14
81.85~79.67! 3.618 0.198 0.647 0.205 ns1nb

89.91~87.68! 3.623 0.200 0.665 0.196 ns1nb12
E2

1 8.62 ~8.55! 3.519 0.122 0.328 0.175 2
34.46~34.19! 3.519 0.122 0.357 0.173 4
57.27~56.95! 3.592 0.215 0.441 0.187 ns12
73.18~69.05! 3.563 0.129 0.707 0.183 2nb

83.02~78.60! 3.568 0.131 0.717 0.181 2nb12
83.21~82.68! 3.590 0.214 0.446 0.184 ns14
85.59~81.40! 3.575 0.151 0.630 0.186 2nb12

A1
2 37.09~35.25! 3.532 0.124 0.531 0.185 nb11

66.49~65.83! 3.583 0.136 0.418 0.305 nu

82.56~80.53! 3.609 0.200 0.629 0.207 ns1nb11
A2

2 42.25~39.79! 3.551 0.125 0.556 0.178 nb11
84.86~82.47! 3.633 0.197 0.688 0.192 ns1nb11

B1
2 19.39~19.24! 3.519 0.122 0.357 0.174 3

68.08~67.68! 3.591 0.215 0.441 0.186 ns13
76.26~71.97! 3.566 0.129 0.715 0.182 2nb11

B2
2 19.38~19.22! 3.519 0.122 0.357 0.174 3

68.06~67.66! 3.591 0.215 0.441 0.186 ns13
75.81~71.56! 3.565 0.129 0.717 0.182 2nb11

E1
2 2.16 ~2.14! 3.519 0.122 0.358 0.176 1

50.79~50.51! 3.592 0.215 0.441 0.188 ns11
53.82~53.40! 3.518 0.122 0.357 0.171 5
73.91~69.99! 3.557 0.133 0.678 0.185 2nb11
79.97~75.70! 3.577 0.147 0.654 0.183 2nb11
88.81~87.08! 3.560 0.262 0.495 0.194 2ns11

E2
2 39.98~37.77! 3.540 0.125 0.545 0.180 nb11

56.24~54.12! 3.543 0.125 0.535 0.186 nb13
57.94~55.45! 3.542 0.125 0.551 0.177 nb13
75.75~74.81! 3.585 0.142 0.446 0.294 nu12
84.72~82.53! 3.618 0.192 0.634 0.212 ns1nb11
88.70~86.82! 3.541 0.130 0.512 0.199 nb15

aEnergy above the zero-point level for the relevant isotopomer. Figure
parentheses pertain to the perdeuterated complex. All other numbers i
table refer to properties of the perprotonated species.

bThe expectation value ofz.
cThe root-mean-squared deviation inz.
dThe expectation value ofr.
eThe root-mean-squared deviation in cosu. In all cases the expectation valu
of cosu equals zero.

fBare integers in this column refer to the number of internal rotation qua
characterizing the state.
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Rotational constants from FT-microwave spectrosco
are available for the zero-point level of the perprotona
benzene–15N2 isotopomer in its ground state.12 Vibronic
spectroscopic results have provided analogous informa
for the 14N isotopomer.11 A comparison between these e
perimental values and rotational constants computed for
lowest-energyA1

1 J50 eigenstates of these two species
relevant to any assessment of the accuracy of our fitted
Such a comparison is given in Table V. There is clearly go
agreement between the experimental and computationa
sults. Such agreement is consistent with the fact that
values of^z&53.502 Å extracted from experiment are clo
to the 3.517 and 3.520 Å values computed for the15N and
14N isotopomers, respectively.

Precise experimental values of benzene–N2 ground-state
rotational constants have not yet been measured for inter
lecular levels other than zero-point levels. However, ba
contours observed in Raman spectroscopic experiments
we report on below do reflect the values of rotational co
stants for several higher-lying intermolecular states. Co
puted constants for these states are given also in Table V
make use of some of these values below in band con
simulations designed to help justify assignments of obser
Raman bands.

D. Calculated Raman intensities

Raman-scattering intensities for intermolecular ban
were computed as described in Ref. 15. That is, intensitie
intermolecular bands were quantified by the computation
scattering coefficients for parallel-polarized Raman fiel
For the vibrational transitionv8←v such a coefficient is
given by

Sv8v[15u^vua0
~0!uv8&u216 (

m522

2

u^vam
~2!uv8&u2, ~4.1!

where theam
( j ) are spherical-tensor elements of the polar

ability tensor operator measured with respect to the Ec
frame of the complex. The matrix elements appearing in
~4.1! were calculated by using Eq.~5.2! of Ref. 38 under the
assumption that the polarizability tensor of the benzene–2

equals the tensor sum of the permanent polarizability co
ponents of benzene and N2 ~taken from Refs. 30 and 39
respectively!. The latter approximation, the validity of whic
is borne out by experimental results on numerous wea

TABLE V. Calculated rotational constants~in cm21! of selected intermo-
lecular vibrational states in benzene–N2 .

Isotopomer Irrep Energya B A 2Auzu

15N A1
1 0 0.046 93~0.047 019 2!b 0.095 43 0

14N A1
1 0 0.048 72~0.048 732!c 0.095 44 0

E1
2 2.16 0.048 70 0.095 43 0.1903

E1
1 37.13 0.047 95 0.096 06 0.0829

E1
1 46.43 0.047 76 0.096 08 0.2883

A1
1 48.62 0.047 25 0.095 73 0

aIn cm21 relative to the zero-point energy of the relevant complex.
bValue in parentheses is the experimentally derived quantity from Ref.
cValue in parentheses is the experimentally derived quantity from Ref.
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bound complexes, takes the Raman scattering strength o
intermolecular band to arise entirely from the libratio
induced modulation of the projection of the monome
localized tensor components along Eckart axes embedde
the complex. One expects a reasonably good qualitative
ture of the scattering spectrum of the complex to be obtai
by this approach.

Sv8v values were computed for two different initia
states: theA1

1 zero-point level and them51, E1
2 internal

rotation level at 2.16 cm21 above the zero-point. One expec
only these states to be appreciably populated at the 1–
temperatures that apply to the seeded supersonic expan
that constitute the samples in experiments on benzene–2 .
At the same time, one expects that transitions originating
the zero-point level will contribute more prominently to an
observed spectrum than the ones originating in them51
level owing to the factor of roughly 2 larger nuclear-sp
statistical weights that apply to rotational levels of the form
relative to those of the latter~for the 14N isotopomer!.

Table VI presents computed scattering coefficients as
ciated with transitions from the two aforementioned init
states to otherJ50 levels enumerated in Table IV. All suc
transitions with Sv8v.0.02 Å,6 as well as other selecte
transitions, are included. There are several points of not
these results. First, bands involving unit change in
number of nb quanta are the most intense Raman ban
This is completely consistent with experimental and com
tational results reported previously on aromatic-rare
complexes.15,40 The intensity of such bands arises from t
librational motion of the benzene~with its pronounced polar-
izability anisotropy! during the course of the bending vibra
tion. Second, overtones ofnb ~e.g., theE2

1←A1
1 band at

73.18 cm21 and theA1
1←A1

1 band at 74.85 cm21!, though
weak compared to anb fundamental, nevertheless have com
puted intensities that are significant. This finding, too, is co

.
.

TABLE VI. Calculated scattering coefficientsa for selected transitions be
tween intermolecular levels in benzene–N2 .

Initial state Final state Transition frequency/cm21 Sv8v /Å 6

0@A1
1#, 0 cm21 2@E2

1# 8.62 0.269
nb@E1

1# 37.13 0.596
nb12@E1

1# 46.43 0.056
ns@A1

1# 48.62 0.001
nu11@E1

1# 68.94 0.040
2nb@E2

1# 73.18 0.002
2nb@A1

1# 74.85 0.001
ns1nb@E1

1# 81.85 0.001

1@E1
2#, 2.16 cm21 3@B2

2# 17.22 0.134
3@B1

2# 17.23 0.134
nb11@A1

2# 34.93 0.630
nb11@E2

2# 37.82 0.646
nb11@A2

2# 40.09 0.325
ns11@E1

2# 48.63 0.002
nb13@E2

2# 54.08 0.020
nu@A1

2# 64.33 0.068
2nb11@E1

2# 71.75 0.002
nu12@E2

2# 73.59 0.030
ns1nb11, @E2

2# 82.56 0.018

aSee Eq.~4.1!.
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sistent with observations and calculations pertaining
benzene–rare gas species.40 Third, some bands gain signifi
cant scattering strength due to the fact that they involv
state that has acquired some purenb character by vibrationa
coupling. For example, theE1

1 upper state involved in the
E1

1←A1
1 band at 46.43 cm21, while predominantlynb12

~see Table VI!, also has about 9%nb character. As a result
the 46.43 cm21 band steals some of the scattering strength
the strongly Raman-activenb fundamental. Fourth, after th
nb fundamentals, the second-most intense bands are t
that involve transitions whereinuDmu52. These are essen
tially one-dimensional rotational Raman transitions~internal
rotation transitions! involving the N2 moiety. They owe their
intensity primarily to the polarizability anisotropy of tha
species, the same molecular property that determines th
tational Raman scattering strength of the isolated N2 mol-
ecule. Finally, it is important to note that within the libratio
induced approximation, only the anisotropic parts of t
cluster’s polarizability tensor produce Raman scatter
strength;15 the matrix elements involvinga0

(0) in Eq. ~4.1!
are all zero. Hence, those bands that could have a signifi
isotropic contribution to their scattering intensity~e.g., the
ns←0 fundamental! have computed scattering coefficien
that might well be significantly less than those that actua
characterize them.

V. EXPERIMENT

Experimental results pertaining to the intermolecular R
man spectrum of the perprotonated and perdeuter
benzene–14N2 isotopomers were obtained by mass-select
ionization-detected stimulated Raman spectroscopies41 ~ID-
SRS!. In such experiments the ground-state populat
changes induced in supersonic molecular-beam clu
samples by stimulated Raman transitions are probed
resonantly-enhanced multiphoton ionization~REMPI! fol-
lowed by mass analysis of the photo-ions. A Raman tra
tion is registered as a gain@ionization-gain stimulated Rama
spectroscopy~IGSRS!# or a loss@ionization-loss stimulated
Raman spectroscopy~ILSRS!# in mass-selected photo-io
signal as a function of Raman frequency, depending on
vibronic transition probed by the REMPI process.

The apparatus and general procedures employed fo
termolecular IDSRS experiments in this laboratory ha
been described in detail elsewhere.40 Here, we make note
only of those specific conditions relevant to benzene–N2.
First, the molecular beam was generated by using a
expansion gas mixture consisting of helium, N2 , and ben-
zene in the ratio of 100:1:1 at a total pressure of 300 p
Second, most spectra were obtained by ILSRS with
REMPI field tuned to the 60

1 benzene-localized vibronic ban
of the complex at 38 603 cm21 ~38 781 cm21 for thed6 spe-
cies!, as assigned by Bernsteinet al.10 Third, in measuring
all spectra the parent ion of the benzene–N2 complex was
the one that was detected. Fourth, the resolution of the
man spectra, as determined by the bandwidths of the
stimulated-Raman driving fields, was 0.03 cm21. The reso-
lution pertaining to the REMPI probe process was 0.3 cm21.
Finally, one of the linearly-polarized stimulated-Raman dr
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ing fields was of sufficient intensity to generate optical-fie
induced pendular states of benzene–N2 species in the
sample. As such, the contours of Raman bands observe
the IDSRS experiments are not rotational band contours,
pendular band contours. Band contour information was u
in the assignment of intermolecular bands by comparing
served contours with contours simulated numerically acco
ing to the procedures outlined in Ref. 42. For these simu
tions the following parameters were used: rotation
temperature of 2 K, aligning electric-field amplitude of
31010 W/cm2, and polarizability anisotropy of benzene–N2

of a'2a i57310240 C2 m2 J21. The temperature and th
field amplitude are reasonable estimates of the conditi
characterizing our experiments. The polarizability anisotro
is basically that of the benzene molecule. The rotational c
stants used in the simulations were taken from Table V,
cept where noted otherwise.

VI. RAMAN SPECTROSCOPIC RESULTS

In a previous paper15 intermolecular Raman spectra o
benzene–N2 isotopomers as measured by mass-selec
ILSRS at 0.3 cm21 resolution were reported. The principa
result from that work was the observation of promine
broad structure peaked near 37 cm21 for the perprotonated
14N isotopomer and corresponding structure peaked nea
cm21 for the perdeuterated14N isotopomer. These band
were assigned as thenb fundamental in the two species. Th
experiments reported here, corresponding to 0.03 cm21 Ra-
man resolution, reveal the presence of several weaker in
molecular Raman features for the these two isotopom
Figure 1 shows a survey spectrum for the perprotonated
cies with features labeled for further reference. Figures 2
show expanded views of observed bands. Table VII sum
rizes all of the observed features for the two isotopome
Also given in Table VII are assignments for the bands. J
tification for these assignments is given in the following.

Consider first banda in the 8–9 cm21 region ~see Fig.
2!, assigned as the 2←0 internal-rotation transition. This

FIG. 1. Mass-selective ILSRS survey spectrum in the intermolecular reg
of the perprotonated benzene–N2 complex. The spectrum was measure
with parallel-polarized stimulated-Raman fields. Features discussed in
text are labeled. Featuresa and a8 correspond to the same intermolecul
band on opposite sides of the zero Raman shift.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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band appears weakly, yet reproducibly above the noise
the spectra of both isotopomers. Its assignment is straigh
ward based on several considerations. First, there is no
sonable basis on which to assign the band as anything o
than an internal-rotation band. Its frequency is too low fo
to be a transition in which thens , nb or nu quantum number
changes. Second, symmetry considerations preclude inte
rotation Raman transitions for whichDm is not even. Third,

FIG. 2. Mass-selective ILSRS spectrum of perprotonated benzene2

showing ‘‘rotational’’ Raman structure and the lowest frequency interm
lecular band~a! observed near 8.6 cm21. The spectrum was measured wi
parallel-polarized stimulated-Raman fields.

FIG. 3. Mass-selective ILSRS spectra of perprotonated and perdeute
benzene–N2 isotopomers showing expanded views of ‘‘bandb’’ for the two
species. Both spectra were measured with parallel-polarized stimula
Raman fields.
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the results from high-resolution rotational spectroscopy,11,12

clearly lead to the expectation of free, or nearly free, inter
rotation characterized by an internal rotation constanb
.2.1 cm21 for both h6 and d6 isotopomers. This puts the
2←0 transition in the 8–9 cm21 region for these species
Fourth, the observed band contours are consistent wit
nontotally symmetric transition like 2@E2

1#←0@A1
1#. Fi-

nally, the calculations of Sec. IV~see Table VI! predict a
significantly intense 2←0 Raman band at 8.62 cm21 ~8.55
cm21 for d6), the only band calculated to be anywhere ne
the observed one. Though the observed band is weaker
might be expected~relative to bandb, for example! based on
the relative values of computed scattering coefficients, th
are at least two plausible reasons why this might be so. Th
include the possibility of significant thermal population
them52 final level~not unreasonable given its small ener
above them50 level! and the possible lack of complet
vibrational-state selectivity in the REMPI probe step~due to
spectral overlap of theS1←S0 vibronic bands originating in
them50 andm52 levels!. Either possibility would serve to
reduce the observed ILSRS intensity of the band.

Second, consider the intense structure correspondin
featureb in Fig. 1 ~see Figs. 3 and 7 for expanded views! and
assigned to bending fundamentals. There is little doubt
this assignment is substantially correct. First, the interm
lecular Raman spectra of similar species—aromatic-rare
complexes—are dominated by bending fundamentals as
strongest bands.15,40 The strength of such bands arises fro

-

ted

d-

FIG. 4. Mass-selective ILSRS spectra of perprotonated and perdeute
benzene–N2 isotopomers measured with parallel-polarized stimulate
Raman fields in the region of bandsc andd. The bands are labeled for th
perprotonated species.
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the libration-induced mechanism by virtue of the significa
in-plane versus out-of-plane permanent polarizability anis
ropy of the aromatic and the large librational amplitude
the aromatic during the course of the bending vibration. S
ond, theh6-to-d6 isotope shift of the structure is consiste
with what one would expect for the bending mod
Approximating15 the inertial factor associated with the ben
asA1/m1R2/I' and assuming harmonicity, one calculate
7% shift to the red of the bending frequency upon perd
teration, in line with the observations. Third, comparison
measured band contours with pendular contours simulate
using those rotational constants in Table V pertinent to
nb←0 band reveals qualitative agreement~see Fig. 7!. The
extra, weaker structure in the experimental data that does
appear in the simulated contours~e.g., that marked by arrow
in Fig. 7! is likely due to contributions to the experiment
data from the threenb fundamentals originating out of th
m51 state, i.e., (nb11)@A1

2 ,A2
2 ,E2

2#←1@E1
2#. These

bands should have Raman activities and frequencies sim
to thenb←0 band, though their contribution to any observ

FIG. 5. Mass-selective ILSRS spectra of perprotonated and perdeute
benzene–N2 isotopomers in the region of bandse and f. For each isoto-
pomer the top spectrum corresponds to perpendicularly-polarized stimu
Raman fields and the bottom spectrum to parallel-polarized fields. Bane
and f are labeled for the perprotonated species.
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ILSRS spectrum might be expected to be considerably
than that of the latter band owing to~a! the factor-of-2
smaller statistical weights of them51 states relative to the
m50 ones and~b! a potential spectral bias in the probing

FIG. 7. Comparison of measured~top! and simulated~bottom! pendular
contours associated with bandb of perprotonated benzene–N2 using ~a!
parallel- and~b! perpendicularly-polarized stimulated Raman fields. The
rameters used to compute the simulated contours are given in the tex
Table V and correspond to thenb←0 band. The arrows in~a! are meant to
highlight weak features in the measured spectra that are absent in the
lated contours.

ted

ed

FIG. 6. Mass-selective ILSRS spectra of perprotonated benzene–N2 in the
region of bandg as measured with perpendicular and parallel-polariz
stimulated-Raman fields.
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m50 species in the REMPI probe step of the IDSR
scheme.~The m50 andm51 60

1 vibronic bands could be
shifted from one another.! Finally, the excellent match be
tween observed frequencies and Raman relative intensitie
this region and those calculated fornb fundamentals in Sec
IV ~see Table VI! is strong evidence for the correctness
the assignment.

We move next to bandsc andd ~see Figs. 4 and 8!. That
the observed structure does indeed correspond to two in
molecular bands rather than a single band contour is c
from the significantly largerh6-to-d6 isotope shift of the
broad structure~c! at lower frequency relative to the sha
feature~d! at higher frequency. The assignment of bandd as
the ns fundamental is quite firm. First, the dominant, sha
single peak and the marked drop in the intensity of that p
in going from parallel to perpendicular polarization@compare
Fig. 8~a! top with 8~b! top#, is just what one expects for th
pendular band contour corresponding to a transition invo
ing no change in vibrational symmetry, like theA1

1←A1
1 ns

FIG. 8. Comparison of measured~top! and simulated~bottom! pendular
contours associated with bandc of perprotonated benzene–N2 using ~a!
parallel- and~b! perpendicularly-polarized stimulated Raman fields. The
rameters used to compute the simulated contours are given in the tex
Table V and correspond to the (nb12)@E1

1#←0 band.

TABLE VII. Observed intermolecular Raman bands in benzene–14N2 .

Band frequency/cm21 Assignment

8.6~8.4!a 2←0
37.2~35.2! nb←0; (nb11)←1
46.5~44.6! (nb12)@E1

1#←0
48.4~48.1! ns←0
72.8~68.7! 2nb@E2

1#←0
73.5~70.0! 2nb@A1

1#←0
81.7 ~—! nb1ns←0

aFrequencies in parentheses correspond to bands of the perdeuterated
plex.
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fundamental.42 Second, the smallh6-to-d6 shift of the band
~0.5%! is consistent with the small isotope effect on the
ertial factor,A1/m, associated withns . Finally, there is ex-
cellent agreement between the position ofd and theh6 and
d6 frequencies forns , as computed in Sec. IV. In regard t
the assignment of bandc as (nb12)@E1

1#←0, several points
are relevant. First, the 4%h6-to-d6 shift of the band clearly
indicates the involvement ofnb . Second, the band positio
for both isotopomers is where one would expect it to
given the observed frequencies for thenb fundamentals and
the (m52)/(m50) energy gap. Third, pendular band
contour simulations performed by using the calculated ro
tional constants for (nb12) @E1

1# as upper and 0@A1
1# as

lower level ~see Table V! yield a good match with the ob
served contours. Even better agreement is obtained by
ploying a Coriolis constant for (nb12) @E1

1# slightly larger
than the calculated value~i.e., 2Az50.32 cm21 rather than
0.2883 cm21!. Such a comparison between calculated a
observed contours is shown in Fig. 8. Finally, the calcu
tions of Sec. IV predict the (nb12) @E1

1#←0 Raman band
to be appreciably intense and to be very close to the obse
frequency for both theh6 andd6 isotopomers.

Finally, consider the three weak bandse, f, and g ob-
served in the frequency region beyond;70 cm21 ~Figs. 5
and 6!. It is clear from the observed broad band contours t
e and g arise from nontotally symmetric vibrational trans
tions, whereas the sharp, strongly polarized contour obse
for bandf arises from a totally symmetric vibrational trans
tion. Our assignment of these bands ase: 2nb@E2

1#←0, f :
2nb@A1

1#←0, and g: (nb1ns)←0 is based on this band
contour information as well as on the following. First, th
analogous bands for the benzene–Ar complex have been
served in that species’ intermolecular Raman spectrum.
expected similarity of the benzene–Ar and benzene–2

complexes with regard to theirnb and ns modes suggests
that the three transitions should be observable in the la
complex’s Raman spectrum, as well. Second, given
benzene–N2 nb fundamental at 37.2 cm21 and thens funda-
mental at 48.4 cm21, the observed positions of the thre
bands are close to where they would be expected for thenb

and nb1ns transitions in the harmonic approximation
Third, the h6-to-d6 isotope shifts of the bandse and f are
consistent with them being bending overtones.~Band g for
the d6 isotopomer was observed only very weakly, and
accurate frequency for it, i.e., to within61 cm21, was not
obtained.! Finally, the calculations of Sec. IV predict the tw
2nb bands and thenb1ns band to be very close to th
observed frequencies and to have observable Raman int
ties.

In summary, the results of this section go a considera
way toward characterizing the intermolecular level struct
of benzene–N2 in the region near the IPS minimum. Tha
level structure is built upon a bending mode of 37.2 cm21

~for the perprotonated fundamental!, a stretching mode of
frequency 48.4 cm21, and free~or nearly so! internal rotation
about the C6 axis with internal-rotation constantB
52.15 cm21. The one intermolecular mode that the expe
mental results do not reveal is the N2 libration. Nevertheless
the excellent agreement between the computational resul
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Sec. IV and the whole body of experimental data pertain
to the benzene–N2 interaction suggests that the comput
fundamental frequency of 66.5 cm21 for the libration is
likely close to the actual value.

The present results should be considered in the ligh
other experimental studies of intermolecular vibrations
benzene–N2. They are clearly consistent with the rotation
results of Weberet al.11 which point to the presence of free
or nearly free, internal rotation about theC6 axis in the
ground-state manifold of the complex. In regard to the ot
intermolecular modes, other data are limited. Oshimaet al.12

quote 26.5 cm21 for nb and 45.6 cm21 for ns from
centrifugal-distortion constants measured for benzene–15N2 .
The latter value is in rather good agreement with o
benzene–14N2 ns after accounting for the isotope shift. How
ever, thenb value deviates significantly from ours. Given th
indirect, model-dependent way in which vibrational freque
cies are derived from distortion constants, such disagreem
is not too surprising. Notably, the intermolecular frequenc
of benzene–Ar obtained from microwave-measured centr
gal distortion constants~see Ref. 12! are in error in much the
same way as their benzene–N2 analogs, withns being close
to the actual value40 andnb being too low by about 40%. The
only other experimentally measured intermolecular interv
reported for benzene–N2 are from the vibronic spectra o
Ref. 10 and pertain to theS1 electronic-state manifold. Un
fortunately, the assignment of these intervals is not clear.
R2PI spectra in which they occur likely have some conta
nation from resonances of benzene–(N2)n , n.1 clusters
and/or from hot bands of the 1:1 species. Further, the po
bility that internal rotation aboutC6 might be significantly
less free in theS1 manifold than inS0 complicates the as
signment of the R2PI structure. Still, one band observed
cm21 to the blue of the 60

1 origin is the most intense band i
that spectrum, aside from the 60

1 band itself and associate
sequence/hot bands. Given our ground-state results it is
sonable to suppose that this 37 cm21 interval corresponds to
nb in S1 .

VII. CONCLUSION

Comparison of all the available experimental data on
ground-state properties of benzene–N2—intermolecular tran-
sition energies, rotational constants, binding energy—w
the calculated results of Sec. IV reveals excellent agreem
in almost all particulars~see Tables V, VI, and VII!. Prior
work on benzene–Ar clearly demonstrated the good per
mance of the CCSD~T! method in computing IPS points fo
that species with the aug-cc-pVDZ-33211 basis. The res
of the present work provide additional compelling eviden
that ab initio calculations at this level, even with a signifi
cantly limited set of IPS grid points, are accurate enough
facilitate assignment of experimental low-temperature sp
tra. In the case of benzene–N2 this accuracy has been instru
mental in the interpretation of experimental features wh
assignments were otherwise in question and in confirm
the assignment of more readily interpreted features. One
cludes that with careful selection of grid pointsab initio
methodology of the type employed in this work, along w
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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dynamically exact solution of the intermolecular Schro¨dinger
equation, is likely to become an important tool in future i
vestigations of large van der Waals complexes.
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