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In this article, we present a continuation of our work on the refinement of the harmonic force cofstants

in benzene (in symmetrized Whiffen’s coordinates) and on a growing number of higher order (anharmonic)
force constantsjx andF;j, that are of importance for the benzene isotopomer invariant potential energy
surface. The refined set of harmonic and anharmonic force constants improves the agreement between the
experimental levels and those calculated theoretically. The emphasis of the present work is on the analysis of
the two notable Fermi resonances in benzegeH nvy <= (n + 1)v; + v, wheren =0, 1, ...m, andv,, <

vg + vig<> v1 + v5 + v19). FOr this purpose, we have further extended our fully dimensional, fully symmetrized,

and nonperturbative vibrational procedure to the vibrational structure of the benzene isotopic species with
Den symmetry.

I. Introduction tions® for the assessment of the harmonic force constants in a

: . molecule the size of benzene. In fact, all sets of theoretically
The ground electronic state potential energy surface (PES) etermined; i values differ considerably from the empirically

of benzene has been established as a benchmark potential surfacge . .
for the evaluation of molecular vibrational modéis? For the etermined values that reproduce the (experimentally measured)

. . . fundamental vibrational frequencies of four benzene iso-
fundamental frequencies of benzene and some of its iso topomers (@Hs, CoDe, XCeHe, 1°CeDe) 8

topomers, a sizable body of experimental spectroscopic data is . . Lo .
now available in the literaturé-37 For a semirigid molecule In a series of articles culminating in a benchmark review

. i 8
such as benzene, the PES can be safely presented in the forr'ticle;’ Goodman and collaborators, through the use of
of a Taylor series expansion in terms of a chosen set of conventional Wilson’s F-G gnalys@,empwmally determined
vibrational coordinated.This expansion is particularly useful ~the best set of (34) harmonic force constants for benzene after
when geometrical (symmetrized, Whiffeh® coordinatesSq taking into accour_n the strqngest anharmonicities.
are employed instead of mass-weighted normal coordinates, as In a recent series of articlé;*> we attempted to further
the PES expression (expansion Coefﬁcientsl ile_, force Constantg’Eflne the values of the harmonic force constants for benzene

Fix Fijx etc.) is independent of isotopic substitution: by making use of a full scale vibrational model and algorithms
that were designed for calculating the fundamental frequencies
u=1/2 Z F (. SS+ 1/6 Z FiikSSS + - (1) from a set of input values for the harmonic as well as the most
0 1K important anharmonic force constaffg, Fij, ... Meanwhile,

. the available rich database of experimental spectroscopic
The exact shape of the benzene ground state PES, Nevidence for benzene and for some of its isotopohiets?t-52

isotopically invariant form, is required, for example, for
L . was further extended. The fundamentals have recently been
assessment of the radiationléiss— S (ISC) rate constant in idered and ed b betti and 1635
CeHs and GDs%*! This surface has been the target of reconsidered and summarized by Trombetti and coautfiéfs.
eiteensive anal .tical research from the standooint of various Despite the numerous experimental studies, however, the values
- yueal | ’ _sandp . of several fundamental frequencies, especially those of tHid C
empirical, semiempirical, as well as ab initio calculatién®. . ) .
. X . L stretch modes, remain uncléd:530ne of the most mysterious
Of central importance is the reliable determination of the fund | h v b d foHg® Th
harmonic force constants,,1 315 whose values are needed undamentalsy,s, has recently been measure The
o new value 3015 cnt?) undoubtedly will be very useful for

for the pprlrgect overall description of the energy hypersulrgace. the further refinement of the harmonic force constant values.
Ab initio13 as well as semiempirical (density functiortaf®

theoretical methods are as yet inferior for empirical determina- .Anqther difficulty Fhat encumbers th?‘ straightforward deter-
mination of harmonic force constants in benzene comes from
* Corresponding author. Fax: 00 359 2 975 36 32. E-mail: rashev@ Strong Fermi resonances, because they arise from essentially
issp.bas.bg. anharmonic interactions and prevent the direct experimental
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observation of some of the fundamental frequen®igg0.34.54.55 harmonic force constant§ix and G-matrix elementss;
At a fundamental level, there are two notable Fermi resonancesessentially connecting pairs of Siyk of equal symmetry. These
in benzene. The first oneys < v1 + ve,3* persists up to bilinear coupling terms are a connection between the sym-
considerable excitation energies through the additionv0f  metrized modes and the normal-mode frequencies and are a
guanta to each manifold’d + nvy < (n + 1)v1 + ve, wheren crude approximation of the experimentally observable funda-
= 0, 1 ..)% The second perturbation is a trigle(or even mentals. In additionH; contains a variety of higher-order
quadruplé®>9 resonancewyy <> vg + v1g <> v1 + vg + vig (OF anharmonic interaction terms that are responsible for the finer
Voo <> Vg + v1g <> v1 + v6 + vig <> v3 + vp + vis). details of the molecular vibrational structure (at both the
This work is the fourth in a seriés*45 aimed at the fundamental and higher vibrational excitation energies) and in
development and elaboration of a specific, fully symmetrized, particular for the correct description of the prominent Fermi
nonperturbative algorithm designed for the investigation of the resonance structure. A characteristic feature of our approach is
benzene vibrational structure. In the present work, we shall that all the Hamiltonian interaction terms belongingHpare
concentrate on the energy levels that are involved in Fermi expressed in explicit (harmonic oscillator) raising and lowering
resonance interactions. For this purpose, we introduce a numbebperator forms.
of anharmonic (cubic and quartic) Hamiltonian interaction terms o the calculation of the molecular vibrational energy levels,
in our formalism?24445The calculation explicitly includes all e apply a specific nonperturbative procedure, designed for
30 molecular vibrational degrees of freedom. The values of someyyorking in the higher energy domain, where the vibrational level
important anharmonic force constants will be determined by yensity grows very steeply, especially in a molecule the size of

fitting the calculated to the experimentally observed levels. This penzene. In contrast to the conventional variational method that
article is organized as follows. Our vibrational approach will

be schematically outlined in section Il. In section Ill, using this
approach we will study the vibrational structure of thé 8
1.,+16: Fermi resonances, far = 0, 1, ... In section 1V, the
vibrational structure of the 30« 8,19 < 1:6:19 Fermi

resonance will be investigated and the calculated vibrational

structure will be compared to experimental data. In section V,
we summarize the main results and conclusions.

II. Vibrational Model and Large-Scale Computational
Approach

Our vibrational model approach and large-scale calculation
proceduré?—4063 js based on the following main principles.
Taking into account that anharmonicity in benzene is almost
entirely concentrated in the (six equivalent}-8 bonds36-59
we describe the €H stretch system in benzene in terms of six
local bond stretch coordinates local mode (LM) formalBSn$?
while all of the remaining 24 (non-€H stretch) vibrations in

yields all vibrational levels up to a given limit, our method is
based on an artificial intelligence (Al) procedure (algorithin)
that is capable of calculating a selection of energy levels that
are significantly involved in the coupling to an initially (suitably)
chosen basis stat@and are energetically located in the vicinity

of that state. The Al procedure applied by us has already been
described in considerable detail befé#€2 and therefore only

a brief account will be given here. The two most important
prerequisites for our method are first, the availability of a
symmetrized separable vibrational basis set and second, the
availability of all Hamiltonian interaction terms from,, in
explicit operator form. The Al selection algorithm starts by
applying consecutively all operator terms frétpon the initially
selected basis staté)[] thus generating new basis statég
|20)... Each one of these states necessarily belongs to the same
symmetry species a®l]and is coupled tg0Cby a matrix
element®|H; k[l Each time a new stat&lis generated, several
criteria are applied to establish whether it should be selected or

benzene are considered to be collective, symmetrized modeg10t. Two of the criteria have been described and applied

(SM), in terms of appropriately symmetrized vibrational coor-
dinatesS.1# This is the so-called combined LM/SM representa-
tion. A specific feature of our approach is the definition and
employment of complex symmetrized curvilinear coordinates
Ok (defined in Table 2 from ref 44), rather similar to those of
Whiffen’s.# The basis harmonic oscillator eigenfunctions of the
SM are directly and explicitly obtained in completely sym-
metrized form, while the €H stretch (LM) Morse oscillator
eigenfunctions have to be additionally symmetrized (in a simple
and straightforward manner), as shown in our previous Work.

By multiplying the (complex) symmetrized-€H stretch (LM)
eigenfunction with the eigenfunctions of all SM oscillators, we

previously%3 The first one requires that the relative coupling
strengthK; x (the ratio of calculated matrix element to the energy
gap) exceeds a small variable parameter C, whose value is fixed
at the outset. The second criteria is that the cumulative (product)
relative coupling strengti(|kD) for a probed stat¢kIshould
exceed a second variable small parametef3\Whe third
criterion, introduced here for the first time, is based on a third
parameter R, an energy range around the initial state of the
search|OC] Each newly generated stafié loutside that range
receives an additional reduction (proportional to its energy gap
from |00} in its cumulative coupling strength. This third criterion
ensures that the selected states are not energetically scattered

obtained a simple, fully symmetrized, and separable vibrational too far from|OC] After all operators fronH; have been applied

basis setk[Ifor benzene that allows for the full use of the high
molecular symmetry[fg,).4244

According to this model, the molecular vibrational (Qquantum
mechanical) Hamiltoniaf is given as the sum of two major
parts. (i) The zeroth-order Hamiltoni&ty, whose eigenfunctions
are the basis function&l] specified above. Thus$j, includes
in general all diagonal harmonic force constamits and
G-matrix elements&s;;, for the SM part, as well as the collection
of six identical (noninteracting) Morse oscillator Hamiltonians,
for the LM part. (ii) The interaction HamiltoniaH, contains a
great variety of terms responsible for the various couplings

on |00and a number of new basis stat&Siselected and the
relevant coupling matrix elements calculated, the application
of the H; operators is next started on the first of the newly
selected state$1l] This leads to the generation of states that
have already been selected or new basis states. In the second
case, the new state is tested and eventually selected if it satisfies
the criteria. In both cases, the matrix element coupling the newly
generated state with the parent state is calculated and stored as
matrix element of the Hamiltonian matrix. Next, the algorithm
proceeds to apply thid; operators in sequence on each one of
the selected basis statg%] |30 ... This leads to the selection

among the basis states and hence among the moleculaiof more new basis states and the simultaneous formation of the

vibrational (LM and SM) modes. It includes nondiagonal

Hamiltonian matrix. In the course of this procedure, some of
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the states are selected as a result of a chain (path) ofvy + ve: Fi1esandFiee The relevant Hamiltonian interaction
intermediately selected states, starting fr{dnl The purpose terms contain both kinetié¢ and potential cubic parts and can
of the second criterion (cumulative coupling strength) is to limit be given as:

the length of these coupling paths. Each one of the selected

basis states is stored and kept in computer memory, together . 1 { & &

with the resulting Hamiltonian matrix elements. The selection " '1.68™ mC«/E\anaql 3q8a+ q6baql 30g, N

process is terminated at that point, when the application of all

operators fronH; on the last selected stai®\[] does not lead 3 ( il + i +

to the selection of new basis states. The application of this Al mc2«/§\q18q6b 00ga qlaan a0g,

procedure for the selection of an active space A of basis states

has the advantage of being the smallest possible nuivlmér F1.6.601(G6a0a0 + GonTea) (2)
basis states that are essentially involved in the coupling with NG ) )

the initially chosen statgUand thus is representative for the - . q d q g ) _

resulting vibrational level structure around that state. As a result, % 8mcto| %0, 90, °°00]; A,

the Hamiltonian matrix is the smallest possible size for the \/5{ P pd

problem under consideration and this fact is particularly useful 2 \qla P + q18 P )

for the subsequent diagonalization. The optimization of the Me\ g 9¥oa Aea Voo

selected space is due first to the explicit selection of only basis F 161 (Geabap T Gepllon) (3)

states of the same symmetry |@5land second to the effect of
the selection criteria (appropriate choice of values for the Wheres; andto are the equilibrium €H and C-C bond lengths,
selection parameters C, W, and R). The selection of an economicrespectively, andnc is the mass of the C atom. We have
active space and Hamiltonian matrix of minimal possible size, included the relevant cubic terms, expressed in explicit operator
N, creates an opportunity to explore the higher excited vibra- form, into the Hamiltonian interaction operaté; and per-
tional states in a molecule such as benzene where all of theformed large-scale calculations on these vibrational levels by
vibrational degrees of freedom have been included. choosing the initial state as either 8r 6,1;. By varying the

For the molecular vibrational levels, the symmetric Hamil- input values of the cubic force constdftesas well as some
tonian matrixH;x generated as a result of the Al selection of the harmonic force constants and comparing the results from

procedure has to be diagonalized. Because of the very largethe calculations with the experimentally measured energy
dimensions thaN may assume, the diagonalization is carried levels;®3*%4%4ve have been able to determine set force constant

out using preliminary Lanczos tri-diagonalization. values that ensure a satisfactory agreement between the calcu-
lated and experimentally measured frequencies. It was found

IIl. Analysis of the vg <= v, + vs Fermi Resonance in that theF; s o Hamiltonian terms were not significant, while the

Benzene Hi 6 sterm (including the force constaRi g g played the major

role in producing the famous 8> 6,1; doublet in GHg benzene.

This is the most prominent Fermi resonance #higbenzene  Therefore, we have set the cubic force consfangs equal to
and persists up to quite high vibrational excitation energies zero (however, preserving the relevant kinetic part in the
through the consecutive addition ef quanta to both energy  calculation) and varied the input value of the force constant
manifolds. This resonance can be very effectively analyzed in F, ¢ 5to match the calculated frequencies with the experimentally
terms of symmetrized coordinatgs* and symmetrized modes,  observed energy levels. The initial state was chosen as either
thus revealing the intrinsic nature of the interactions involved g, or ,1;. It was found that, foFF1 g = —0.3, the two levels
in the isotopically invariant form. were at 1591.6 and 1609.7 cfyin very good accord with the

It was important to initially establish the relative position of experimentally measured frequenci#4591.327 and 1609.518
the § and 61, levels to zeroth order (i.e., without the cubic cm™1. As already pointed out, to achieve this agreement, we
interactions that give rise to the Fermi interaction). These were also had to introduce minor changes in the values of some of
found at the energies; 8= 1598.4 cm! and 61; = 1601.2 the harmonic force constants that were established in our
cmL. These two deperturbed energy levels practically coincide previous work!s Thus, Fs s was changed from 0.671 to 0.660
with those determined by Pliva et & however, the assignment  andFggwas changed from 6.670 to 6.660 (aJ and Angstrom).
is contrary to theirs in that they assigned the upper level at 1600 It is noteworthy that, with these force constant values excited
cm ! to vg, while we have assigned the lower level of this pair higher, experimentally obsen&dFermi resonances;8, <
at 1598 cm! to vg. The difference of 3 cm' may not seem 1,+161, for n = 1, 2, ... were satisfactorily reproduced. In ref
very significant, taking into account that in reality the two states 66, the energies of a great number of ground electronic state
are strongly mixed and pushed far away from each other by overtone and combination levels were established by measuring
the interaction matrix elements. It is not difficult, by minor the dispersed fluorescence spectra that originated from a number
changes in the relevant harmonic force constant values, to adjusof S; benzene single vibronic levels (SVL):%,01%, 6%, 6111,
the two deperturbed states in reverse ordarto&e the upper 612, and 613. To find the absolute frequencies of an SVL in
member at 1601 and:8; as the lower level at 1598 crh a given spectrum and in particular those gf6and §1,-1 (n
Indeed, for the description of this resonance and all the higher= 1, 2, ...) level pairs, we have calibrated all energy levels in
excited resonances containing equal number;afuanta, this  a given spectrufifin such a way that assures that the two basic
would not make any difference. However, as we shall show in Fermi levels 8 and 1; reproduce the precisely measured values
the following section, this is important for the correct analysis in ref 34. In this way, we obtain 2581 and 2606 ©m
of the triple Fermi resonance aroungh. We note that, in their respectively, for the f; and 61, levels from the @ dispersed
analysis, Knight et &® and Fischer et & also assigneds as fluorescence spectrum. Our calculation yields for these levels,
the lower of two nearby levels. 8:1; = 2581.0 and 2606.4 cm, are in almost perfect accord

Essentially two cubic force constants (in terms of sym- with the experimental measureméfwalues of 3571 and 3602
metrized coordinates) can contribute to the couplinggadnd cm 1, respectively, can be estimated for the higher excitég 8
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and 613 levels from the @dispersed fluorescence spectrffm.  TABLE 1: Summary of Some Calculated Fundamental

Our present calculation for these levels yields 3569.7 and 3600.1X:}f3rat'0dn%| FFreqU_e?C'eS and Cofmbganons (in I_Clml),d S

cmL, again in very good accord with the spectral data. For the Affécted by Fermi Interactions, for Benzene GHs and Some
. . . . of Its Dgn ISotopomers

8113 and @14 pair, the appropriately calibrated experimentally

measured © spectrum values are 4552 and 4591 &m experimentally
respectively. The results from our calculations for these levels __Mlecule frequency calculated  measured
are 4556.7 and 4591.9 cth As seen, the agreement is CeHe Vg 1591.6 1591.3%%
spectacularly good for all the Fermi levels explored. This could CH ‘;6 i :1 %gg?'g %gg%?ﬁg
be considered as strong evidence in favor of the vibrational :Hz v2+ 2:}1 2606.4 2608
model employed for benzene and for the selected values of the ¢y, ve+ 211 3569.7 35714
relevant harmonic and anharmonic force constants. CsHe ve+ 311 3600.1 36022

We have also carried out large-scale calculations to check — CeHs vg + 3v1 4556.7 45522
the effect of thevs < v1 + v¢ resonance on the vibrational vet 4 4591.9 4593

L S CeHs vg + 4y 5544.1 553#b

level structure of the remaininQesn Symmetric isotopomers of Ve + 51y 5583.5 5585
benzene: @Dg,1%CsHs, and13CsDs. The following computa- CeHs Voo 3050.1 3048
tional results have been obtained. lgDg, the combination level CeHs vg + vig 3081.2 3079
v1 + vg lies at 1527 cm?, that is, definitely belowg whose CeHe vet+ Vit vig 3102.0 3107
deperturbed value (in the absence of the cubic interaction terms ~ CePs Ve iggg; 15583
H16gandHs 69 was calculated to be 1552.8 cinTakingHz 6,8 CgH ZZ tn 15528
andHj g ginto account shifted the calculated valuegffrom Yo+ 1y 1537.0
1552.8 to 1555.7 cmt (the v + vg level is shifted down to 13C¢Dg vg 1495.8
1525 cnth). Thus, even in gDg, the Fermi resonance has a ve+ 11 1477.1
non-negligible effect and the resultimg frequency shifts closer a Estimated from the Odispersed fluorescence spectrum in ref 61,
to the experimentally measured value of 1558.3 &M Next, by calibrating all levels so as to fit the &nd 61, frequencies to the
in 13C¢Hg, a Fermi resonance; 8> 6,1; of strength similar to exact values from ref 34.Estimated from thedispersed fluorescence
that in benzene g is observed. Indeed, the deperturbeld s spectrum in ref 61, by calibrating all levels so as to fit theaBd 61,

andH, g gexcluded) levels and G1; are calculated at 1549.4  frequencies to the exact values from ref 34.

and 1542.1 cm', respectively. Including théli 6 andHy e TABLE 2: Some Harmonic and Anharmonic Force
terms in the calculation yields for these levels the vibrational Constants for Benzene (in mdyn and A), Empirically

energies of 1554.8 and 1537.0 chrespectively. Finally, for Determined or Refined in This Work

1%CeDs, the deperturbed frequencies of &nd 61, were force constarnt present value previous value
calculated as 1495.8 and 1477.1¢prespectively. The Fermi P
resonance corrected frequencies are 1499.3 and 14749 cm Ei"ﬁ;z" g‘gég (5)'2%15

Thus, it is obvious that in all three isotopomergDg,13CsHe, Fes 6.660 6.670F
and13CgDe, the § frequency is definitely below@;, while in Fies —0.300 —0.4231b
benzene ¢He the two are almost coincident. According to our F2016.18 12.0
results, 61; is located slightly above;8Our calculations show aThe harmonic force constarfso 2 Fs. andFgsare given in units

that the Fermi resonance is also active in the remaining threemdyn/A (= aJ/If); F1egis in mdyn/& (= ad/R); and Fz161siS in
benzendg, isotopomers, although weaker than that in benzene mdyn/A® (= aJ/X!). ® Obtained from ab initio calculations on the quartic
CeHe. Nevertheless, its effect should be taken into account when PES of benzene.

comparing the calculated to the experimentally measured

frequencies (where available), especially ¥EsHs where the 18 and should therefore be denoted as while the lower NM
Fermi shift is comparatively large. Table 1 summarizes the frequency 1038 cri is closer and corresponds to the lower
calculated vibrational frequencies in benzengi€and some  frequency SM no. 19 and should naturally be assigneeias

of its Den isotopomers that are affected by the Fermi resonances,thus reversing the conventional notation for these two médes.
and Table 2 contains the values of the harmonic and anharmonicin the following analysis, we shall use this changed notation

force constants involved in the Fermi interactions. for NM v1g andvya.

The complex Fermi resonanegy <> vg + v1g <> v1 + v +
IV. Analysis of the Triple vao <> vg + v19 <> v1 + v6 + V19 v1g iS essentially governed by two coupling matrix elements.
Fermi Resonance The first is a coupling between the1®, and 1,18, levels.

These are in fact the two levels &nd G1,, considered earlier
with a quantum ofrv;g added to each one. The interaction
Hamiltonian term coupling those two levels has already been
identified above a$l; g sand contains the cubic force constant

This resonance encompasses the—> v1 + v resonance
previously analyzed. The conventional notation for the normal
mode (NM) whose frequency is 1484 cthin CgHg is vio.
However, this notation is obviously not consistent and leads to

some confusion when trying to relate the SM to NMn fact, Fies = —0.3. The energies of the resulting pair of states,
in terms of the SM treatment, mode no. 18 is akCin-plane excluding and disregarding their coupling with thg mode,
angle distortiod* whose force constant g 15= 0.93%5 and have been calculated here as 3074.1 and 3091-%,aespec-

SM frequencywsys, calculated usingfis 15andGig.1a? is 1388 tively. As discussed in the preceding section, the upper level
cmL. On the other hand, SM no. 19 is aC stretch*whose ~ can be (predominantly).6,18, and the lower 818, or vice
force constant i§19,10= 7.4035 (typical for this type of mode) ~ Vversa, according to the ordering ofl6 and § (determined by

and the SM frequency, calculated usiRgp 10 and Gig.19% is a small change in the valuesifs andFs g). This small change,
w%9 = 1244 cnrl. Upon normalization, the NM with the  however, reverses the order of the deperturhexh8 61, levels
fundamental frequency of 1484 cis much closer (by both  and thus interchanges the predominant character of the upper
frequency and relative weight) to the higher frequency SM no. and lower levels in the Fermi diad. It is found to be of crucial
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importance when the coupling to the third state #8at is obtainedv,o = 3062.1 cnTl. This value ofv,o, which has been
located at the lower energy of 3065 chis taken into account.  pushed higher by the remaining two levels of the Fermi triad,
The experimentally observed frequencies of the Fermi triad is now much closer to the experimentally observed value of
obtained from coupling of the three closely located statgs 20 3065 cnr.18
8,18;, and 61,18, are 3048, 3079, and 3101 cf respec- .
tively.3° Furthermore, the intensities of both outer levels (3048 V. Conclusion
and 3101) exceed that of the intermediate frequency 3079 This work is the fourth in a serié%**4%aimed at an empirical
cm 130 As seen, the upper level at 3101 chis strongly shifted determination of an improved and reliable set of harmonic force
from its deperturbed position of 3091 ci(see above) and  constants=x for benzene, in the isotopically invariant form of
more strongly coupled to the lower 2@vel (which is the only symmetrized (Whiffen’s) coordinates. Here it has been shown
source of spectral intensity in the triad), compared to the that the refinement of the harmonic force constants requires a
intermediate state (at 3074.1 ci The major cubic Hamil- detailed analysis of the well-known Fermi resonances taking
tonian interaction terms capable of coupling the SM @20the into account the anharmonic (cubic and quartic) force constants.
Fermi pair §18, and 61,18, areHyo g 1sandHz0 815 These two This is because the Fermi resonances in benzene distort the
Hamiltonian terms also contain a kinetic and a potential part, observed fundamental frequencies away from their related

the latter being determined by the cubic force constBpgs 18 harmonic frequencies that define the harmonic force constants.
andF, g 19 respectively. The expressions for the potential parts ~ We have extended our vibrational model and large-scale
are: calculations approach f@gn benzenes by introducing a number
of cubic and even quartic Hamiltonian interaction terms that
Ha0.818= F20.8.14020:%800 182 T G2000820180) (4) are relevant to the Fermi interactions in question. Our aim has
been to obtain an agreement of the calculated vibrational levels
Hz0,8,10= F20,8,1{%0a0800h 6 T Ao0n08a0kn) (5) around thevs and thev, fundamentals with the experimentally
observed Fermi doublet and triplet frequencies, respectively.
We have varied the values of the force consténtss 1sand In this way, we have been able to determine some important

Fa08,19in an attempt to reproduce the three experimentally anharmonic force constants and additionally refine some of the
measured frequencies given above. This, however, turned outharmonic force constants obtained previoffsind also derive

to be impossible. In all of the cases that were considered, thecertain additional information about the vibrational level
intermediate level was found to be more strongly perturbed than structure in benzene.

the higher energy one by interaction with the lower lying 20 The findings in the present work could be summarized as
state and to possess the higher intensity. This was invariablyfollows. From a consideration of the Fermi resonange> v,

the case for each one of the relative locations of the two higher + v, we have come to the conclusion that the deperturbed

levels, as discussed aboveil8; higher than 61,18, or vice (excluding Fermi interactions) vibrational level1§ is located

versa. slightly above the 8level. The Fermi interaction between these
Hence, it was necessary to look for another Hamiltonian two states is produced by thf s s Hamiltonian interaction term,

interaction term that could induce the coupling betweers2@ with a cubic force constant df;6s = —0.3. To obtain the

the Fermi pair 818, and §1,18;. For this purpose, we probed calculated energies of the Fermi doublet in good agreement with
the quartic interaction Hamiltonian teripo,1 6.16c0ONtaining the  the experimentally measured frequencies, it was necessary to
quartic force constarfzo,1,6,18 The corresponding potential part  slightly change the previously determined values offthgand

is written as: Fs g harmonic force constants. The upper and lower levels in
this doublet predominately are o} and § character. We
H0.1.6.18= F20.1.6,1801(020a%60%18a T DonTealiar)  (6) have also carried out calculations on the Fermi resonance

affected levels in the remaining threBg, benzene iso-

Including this term in the calculations produced the required topomers: GDs, 3CsHe, and?3C¢Ds. We have found that, in
effect, but only for the configuration when818; was placed all three molecules, the two levels 8nd G1; are perceptibly
above 818;. The three frequencies, calculated at the value affected by the cubic Hamiltonian interaction tekg g and
F201618= 12.0, were 3050.1, 3081.2, and 3102.37¢min the effect is strongest iCeHe. Calculations on higher excited
satisfactory agreement with the experimentally measured val- Fermi pairs in GHg benzene 8y and 611 (k= 1, 2, ...) have
ues: 3048, 3079, and 3101 cin Furthermore, the intensity  yielded results in very good conformity with the experimentally
distribution was correct, namely, the two states at 3050.1 and measured data, and this should be regarded as a corroboration
3102.3 cn1! had higher intensity than the intermediate state of the values determined for the harmonic and anharmonic force
when the entire initial excitation was localized on the zeroth constants.
ordervyg (symmetrized) mode. The theoretical study of theyy <> vg + v1ig<> v1 + v + v1g

We consider all this an indication that the uppermost level resonance in gHs follows from the analyses of the < v +
in the triplet should originate from the 518; state while the vg resonance. Our calculations have shown that the coupling of
intermediate level should be predominantit&. This implies the 2Q level with the pair of levels 88, and §1;18; is mainly
that the two levels in the previously considered Fermi diad due to the quartic Hamiltonian interaction tehtao 1 6.1sand a
should have predominantly &nd 61; character, in ascending  quartic force constant dfyo1618= 12.0.
order, respectively. Our theoretical work on thé&, potential hypersurface of

Using the same values for the harmonic and anharmonic forcebenzene will be continued. The values of some harmonic and
constants, we also performed calculations on the vibrational levelanharmonic force constants will be further refined by taking
structure around 20n 13C¢Hs. In fact, calculations in our earlier  into account some of the recently measured fundamental
work® yielded the value of,o = 3055 cnt?, which was 10 frequencie® that differ substantially from previously adopted
cm below the experimentally measured value of 3065cHh values. The calculations will be extended to the higher excited
In the present work, including in the calculations all cubic and vibrational level structure of benzene, in the range of the first
guartic Hamiltonian interaction terms discussed above, we haveC—H stretch overtone.
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