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Toluene internal-rotation: Measurement and simulation
of the high-resolution S;—S, fluorescence excitation spectrum at 0.5 K
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Rotational structure in the origin band of tBe-S; fluorescence excitation spectrum of toluene has
been measured at 0.012 chresolution with a rotational temperature of 0.5 K using a pulsed beam
apparatus. Such spectra have been obtained for the parent isotopomer and for the isotopomers with
mono- and di-deuterated methyl groups. These, and previously known forbidden bands in which the
internal-rotation quantum numberK; changes, are simulated here usingb initio
internal-rotation-angle-dependent geometries, potential functions, and electronic transition moment
function. An adjustment of some of tlad initio parameters allows a close fitting of the spectra to

be made, and this can only be achieved if bond lengths and angles are allowed to vary with internal
rotation. The resulting geometries for ground and excited-state toluene are the most accurate to date.
© 2000 American Institute of Physids50021-96060)01601-9

I. INTRODUCTION ton ionization(REMPI) and a supersonic jet expansion. The
) ) ) most intense of these band¥/-K{)=(3-0 and (0-3),
Toluene (GHsCHs) is a readily available prototype for |4 pe seen in previous fluorescence excitation and dis-
studying the effects of nearly—fr_ee mternal—rptatlon of & Me-parsed fluorescence spectra by Smalley and co-wdrkbre
thyl group. The methyl group internal-rotation potential in yhey \vere not assigned. In 1987, Breen, Warren, Bernstein,
the torsional angle can be written and Seemanreported the internal-rotation energy levels of
the Sy and S; states of toluene as determined from REMPI
V(p)=(Ve/2)(1=cos &), @ andsgisperséd emission. Their modeling provided values for

and there is a small barrier heiglitg| that has been deter- the Vg barrier h6eights of both states, but not the sigrvgf

mined to be 4.9 cm! for the S, ground stattand 25 cmit  for the Sy state? In 1995, Weisshaar and co-workénse-

for the S, excited staté.The effect of the internal rotation in Ported REMPI spectra for toluene and five similar molecules,

toluene can be studied using ultraviolet, infrared, Raman@nd presented a model for the intensities of the internal-

and microwave Spectroscopy techniques_ In this work Wéotation bands Wh|Cm|) demonstrates that the transition di-

study the fluorescence excitation spectrum of e-S,  Pole moment varies with internal-rotation, afit) agrees

transition. We obtain the origin bar{avingAK; =0, where ~ With the G,,-symmetry selection rules used previousfyin

K; is the internal-rotation quantum numbevith partial ro- 1997 Sleb_rand, Lim, and co-_workéresxtended the studies to

tational resolution for the parenti§) isotopomer and for the toluene with a mono- or di-deuterated methyl group, and

methyl mono- and di-deuteratedl,( and d,) isotopomers. demonstrated excellent agreement with a model that incor-

With the help of someab initio calculations, we analyze Poratedab initio zero point energy contributions to the

these spectra, and existing spectra of other bands, to detdffernal-rotation potential. These contributions, from the

mine the internal-rotation dependence of the geometrical pa2-dependence of the frequencies of tH¢-37 = 38 small

rameters, potential energy, and electronic transition momengMmplitude vibrations, resulted in internal-rotation potentials
The S,—S, electronic transition is allowed in toluene ©f the form

although it is weak; the analogous transition in benzene is

forbidden. Forbidden bands involving changes in internal ro- ~ V(p)=(V2/2)(1~cos D)+ (V4/2)(1-cos $)

t_or state are seen in the tolueBSe-S, quore'_scence excita- +(Ve/2)(1—cos &) ©)

tion and dispersed fluorescence, and assignments were re-

ported in ;981 by Murakam|, lto, and Kayahey obtalneq with dominantV, terms for the mono- and di-deuterated me-

the excitation spectrum using resonance-enhanced multlph?ﬁw rotors.

Studies of the rotational structure have been more lim-

¥Holder of the Goodyear Chair in Chemistry of the University of Akron. ited. The only reported microwavpure rotation studies are
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the papers of Rudolph and co-workér§. They determined width. Helium was passed through the sample reservoir and
rotational constants, and theg| barrier height for undeuter- the gas mixture was expanded into vacuum through a 0.8
ated and partially deuterated isotopomers. mm pulsed pinhole nozzlgeneral Valve The cooling con-

In infrared and Raman studies, there has been measurditions were adjusted by varying helium pressure from 40 to
ment and modeling of the band envelopes for C—H and C—-B0 psi and sample temperature fron80 °C to room tem-
stretching fundamentals and overtones of various toluenegerature. The fluorescence was collected by a PMT after
by Cavagnat and co-worket5!? Henry and passing an optical filtefHoya Optics UV-30.
co-workers:>~*> Ghosh and co-worker$,and Anastasakos The methods of sample preparation of toluehe-
and Wildmant’ Cavagnat and co-workers in particular have («-deuterotoluene and toluenad, (a-dideuterotoluene
been able to demonstrate improvements in the fitting to bantlave been described befdte.
contours by using twofold barrier terms for partially deuter-
ated methyl groups in toluefet?and nitromethan&®1° lIl. THEORY

In contrast to the vibrational spectra studies, some rota- . ) o
tional structure has been observed in Se-S, spectra. In In order to simulate the spectrum from flr_st principles,
1971, Cvitdsand HollaZ reported the firss,—S, spectrum we must(a) Ca]culate the geometry and po_tent|al energy for
of a toluene system with partial rotational resolution. TheyInternally rotating toluene in both electronic statés, Cal-
obtained a room-temperature ultraviolet absorption spectrurf:ju"""[e the resulting rota_ltlon—torsmn energies and Wav? func-
of the origin band op-fluorotoluene, and analyzed their re- tions for both eIec.tron.|c states, arid) Calpulate t_he line .
sults assuming free internal-rotation of the methyl group. mposmons and relative intensities for rotation-torsion transi-
1982-83, Seliskar and Leug&ts®examined thes,—S, ori-  tons between the two states.
gin band of toluene, first fitting to the band contour atA. Geometry and potential energy

room-temperatufé and supersonic-jet temperatufésand . .
P b J P 3 We performed complete-active-space self-consistent

then fitting a higher-resolution supersonic-jet spectfdm. _. o
They modeled the rotational structure using a free internallf'(ald (CASSCH (Refs. 26,27 geometry optimizations of

rotor Hamiltonian. In 1993, Ishikawa, Kajimoto, and K#to bOth theS, ands, states at two methyl group conformations
obtained fluorescence excitation spectra for $e S, tran- (eclipsed an<tj stagg[trelr?[ethg ;ieed thﬁAU.SSIA': 94éRef. 2?.
sition in phenylsilane, gHsSiHs, with sufficient resolution ~Program system with the 6-316p) basis set and an active

. . . N
to see some rotational features on the origin and 3-0 band3Pace of the SIX phenyk electrons in the sber and 7 .
They modeled the rotational structure with a simple freeorbltals. We derived formulas for the values of the coordi-

internal-rotor Hamiltonian with inclusion of an off-diagonal nates atlorﬁ the :_or;mr&al n?_mlm;m zne;gy pé[deP) that i
rotation-torsion coupling term. connects the optimized eclipsed and staggered geometries.

Here we present measurements of the rotational structur-ghese’)'deDendent ME.P coordinates are given in Taple L
of the origin band for thedy, d;, and d, isotopomers of with the atom numbering scheme of Fig. 1. The torsional

toluene, together with our simulations of these spectra. Thi nglvep IS detl;:n?d as tf(l:eHal\)/erzge ogttl';]e Z'X dlhedra(ljl angles
work was motivated by the desire to address the discrepa e Deentme y gr(t)up lati onads aﬂ e bongS.Gand G
cies previously observed in the fitting of tkg—S, internal- 6- DUE 10 Symmelry refations such as
rotation structure, and to provide a model that more accu- R;4p)=RyAp+m) (3
rately describes and simulates the rotation and internal-
. : and

rotation degrees of freedom in toluene.

014,124 p) = 01312 Ap+27/3), (4)

where, for examplef,41,, is the angle between bonds
The description of our experimental apparatus has beeH,C;» and G,C;, we do not have to include all bond
given beforé® Only a brief overview will be given here. The lengths and angles in Table I. Also for fitting to the rotational
supersonic jet apparatus was of conventional design. The dstructure in the spectrum it is helpful to use the distance
rections of laser, jet, and fluorescence collection are mutualliR, 4, rather thanR, ; and R 5; these two can be obtained
perpendicular. The excitation source for the fluorescence exrom the tabulated bond lengths and angles. The angle
citation spectrum was a Fourier-transform-limitgelL) la- 73451, is the dihedral angle HC,,C,C,, and the angle
ser system. It was a pulse-amplified CW ring dye la§®-  B131011S m—013101 The anglesy and 6 are the in-plane
herent 699-29 pumped with an argon ion laséCoherent and out-of-plane componentsespectively of m—051 4
innova 200-1% and operated with pyrromethane-556 dye.they determine the “tilt” of the methyl group relative to
The pulse amplifie(Lambda Physik FL2003was pumped Ry 4.
by the second harmonic of an excimérambda Physik The torsional potential energy parametdts, V,, and
COMPEX 102. The output of the pulse-amplified single- Vg in Egs. (1) and (2) were obtained from the CASSCF
mode laser, of 90 MHz linewidth, was frequency doubledelectronic energies supplemented by phdependence of the
into the near ultraviolet. Absolute calibration of the spectrasum of the zero point energies of the 38 small-amplitude
was performed by simultaneously recording the iodine specvibrational modes. The zero point energy sum was computed
trum using the fundamental of the ring dye laser. A slit ap-as half the sum of the 38 CASSCF harmonic frequencies for
erture oriented parallel to the jet direction was mounted ineach isotopomer. These parameters are given in Table II.
front of the PMT(Hamamatsu 1527Ro reduce the Doppler Inclusion of the zero point energy sum of the high frequency

Il. EXPERIMENT
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TABLE |. Geometries for ground- and excited-state toluene, fedminitio (CASSCBH? and least-squares-fitting. SQ), using two different internal rotation

models?
S, state Sy state Sy state S, state S, state S, state
Parametefs (CASSChH (I, LSQ) (I, LSQ) (CASSChH (I, LSQ) (I, LSQ)
Ri, 1.4000 1.3964 1.3966 1.4387 1.4388 1.4391
—0.0027 cos 8 —0.0027 cos 8 +0.0004 cos B +0.0004 cos B
R34 1.3951 1.3915 1.3917 1.4320 1.4321 1.4324
—0.0022 cos B —0.0022 cos B +0.0003 cos B8 +0.0003 cos B
Rig4 2.8160 2.8168 2.8177 2.88555 2.8778 2.8755
Ri12 1.51185 1.5123 1.5128 1.5038 1.4997 1.4985
Rz7 1.0769 1.084 1.084 1.0744 1.084 1.084
Rsg 1.0760 1.084 1.084 1.0737 1.084 1.084
Rs9 1.0757 1.084 1.084 1.0737 1.084 1.084
Riz13 1.0854 1.1002 1.0972 1.0865 1.1095 1.0985
—0.0014 cos g —0.0014 cos g —0.0024 cos 2 —0.0024 cos 2
6216 118.32 117.82 117.85 118.66 118.68 118.72
0345 119.48 118.98 119.00 119.82 119.84 119.88
0721 119.53 119.53 119.53 119.56 119.56 119.56
Og3.4 120.08 120.08 120.08 120.07 120.07 120.07
B1a121 68.79 70.83 70.43 68.69 71.87 70.33
—0.013cos g —0.013cos g —0.11cos 4 —0.11cos 4%
b% 0.54 cosp 0 054 cosp 0.63 cosp 0 0.54 cosp
S -126 sin® 0 -1.26 sind —-294 sin® 0 —-25 sin®
T1312,1,2 p—0.20 sinp p p—0.20 sinp p—0.26 sinp p p—0.26 sinp

% rom CASSCFb,6)/6-31Qd,p) optimizations.

PModel | is the simpleC,,—Cs, model, and Model Il is the minimum energy path model.

‘Distances in A and angles in deg. The coordinates are defined by FiBi131s1 1S m—613121, ¥ and § are in-plane and out-of-plane components
(respectively of m—61, 4 and 731, 1 ,is a dihedral angle. Other coordinates are related by symmetry 0,4s,{p) = 613124p+2m/3) andR, o(p) =

Ry Ap+ ).

vibrations has a small effect on thg barrier term in each
electronic state. The purely electronic value\Gf is calcu-
lated to be—1.8 cm * for the S, state and—22.6 cm'* for
the S, state. The— sign indicates that the equilibrium struc-
ture is staggered with a symmetry plane bisecting the pheny . .
fing. é Energies and wave functions

The CASSCEF calculation predicts that tBe-S; transi-

tion energy {T) for toluened, is 37 160 cm *(T, = 38 300
cm™1); our experimental value foF, is 37 476.56 cm™.

The generalized rotation-contortion Hamiltonfan,
which allows for the coupling of a contortional mode with
overall rotation, was used to determine the rotation-torsion

Hy Hg energiese,; and wave function® ;. We diagonalize the ma-
\ trix representation of this Hamiltonian in a basis of product
Hys /Cz_Cs functions, so that the eigenfunctions are given by
0\1? o Cq Hg q)rt:% Cik Py kPj )
{é \Ce Cs/ where thec;, are eigenvector coefficients. The rotational
His / ®,  functions are Szalay-Lane linear combinations of sym-
H " metric top functions® while the torsionakP; functions are
11 10

free internal-rotor functions given by

FIG. 1. Diagram of thep=0 (eclipsed conformation of toluene, with our (Ki®) _ 4 _ . .
atom numbering convention. Do _(Dj_[exq'KiP)iqu_|Kip)]/(2\/;), (6)
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TABLE Il. Internal rotation potential energy parameters (¢

East et al.

TABLE Ill. Parameters varied during the spectral fitting.

State Method Isotopomer V, V, Ve

S CASSCF do(PhCH;) . . -3.0
d,(PhCH,D) 14.2 0.1 -2.8

d,(PhCHD) -12.6 0.0 -2.8

d3(PhCDy) - -2.9

I, LSQ do(PhCH;) . 30
d,(PhCH,D) 23.2 0.6 —2.¢

d,(PhCHD;) —-26.6 0.0 —2.8

d3(PhCD;) . 2.8

I, LSQ do (PhCH) . . -3.¢

d, (PhCHD) 23.8 0.6 —2.¢

d, (PhCHD,) -26.0 0.6 -2.8

d3(PhCDy) - - —2.8

S, CASSCF do (PhCH) . . —23.4
d, (PhCHD) 213 -05 —224

d, (PhCHD,) -19.4 07 -21.9

d3(PhCD;) . o —21.7

I, LSQ do (PhCH) S - _9258

d, (PhCH,D) 37.2 0.6 -—247

d, (PhCHD,) -345 06 -—242

d3(PhCD;) . e -23.9

I, LSQ dy (PhCH) e S —9255

d, (PhCH,D) 37.0 0.6 -—24.4

d, (PhCHD,) —34.1 0.6 -239

d3(PhCDy) . . -23.8

#Held fixed in all fittings.
PConstrained using EqA1).

where the index denotes both the- and theK; value. Since

Parameters varied

State paramettr Model |  Model |  1stfi 2nd fi 3rd fit
Vorigin(do) 37 476.57 37 476.56 [ )
Vorigin(d1) 37 479.84 37 479.84 )
Vorigin(d2)  37487.33  37487.33 [ )

St Va (dy) 37.2 37.0 () °
V, (dy) —34.5 -34.1 [ ] ®
Ve (do) -25.8 -255 °
Ky aE 0.8514  @° o°
Km 1.0463 1.0239 [ J o
Kp 1.0002 1.0005 )
Kr 0.9973 0.9965 [ )

S V, (dy) 23.2 23.8 [ ) Y
V2 (dz) —26.6 —-26.0 ) °
Kw 1.0297 1.0238 @
Kp 0.9958 0.9960 )
Kr 1.0003 1.0006 [ )

A, and vgyigin are in cm , and theK scaling parameters are dimensionless.
PFitting to internal-rotation structure.

CFitting to rotational structure.

dFinal fitting to internal-rotation structure.

fParameter varied only in Model Il fits.

(we presume that nuclear hyperfine structure is unresplved
m’ and m” are the quantum numbers for the space-fixed
components of the total angular momentdmand pp (A

= ¢, n, or{) is a space fixed component of the electric dipole
moment operator. Substituting E) into this equation for
the Sy and S; electronic states we obtain the expression for

the internal-rotation barriers are very low, and the dependerfh® dipole moment matrix element as
cies of the bond lengths and other bond angles on the tor<"br'tq’\'/ibq’(sl)|MA|q’;'t‘b(/'ibCD(SO))

sional angle are weak, the eigenvectors will be dominated by
either one or a symmetric pair of basis function products. As

a result the quantum numbédfsandK; will be useful energy
level, and selection rule, labels.

In the HamiltoniaR® the p-dependent coefficients are
computed directly from Cartesian coordinatast rotational
constanty assuming a model for the internal-rotation path.
We considered two such models; Model |, a traditional
simple model with rigidCs,— C,, methyl-phenyl groups,
and Model Il, a minimum energy path model in which the
geometrical parameters were allowed to vary withWe

began with the CASSCF parameter values, and in the fitting
procedure these values were adjusted; the fitting details ap-

pear in the Appendix.

C. Intensities

The principal quantity in the intensity calculation is the
line strength for each rovibronic transition, which we write
as(see Sec. 14.1 of Ref. 31

S(f‘_i):gns
Y (Sy) " 1 (So)
X 2 E |<q>rtq)vibq)e|elc|/"’A|q)rt vibq)e|se0c>|2! (7)
mr'mn A:gng
for a transition between an initial rovibronic statend a

final statef, whereg,s is the nuclear spin statistical weight

Downloaded 10 Jul 2004 to 142.150.190.39. Redistribution subject to AIP

elec elec

= 2 (erkr)*Cjukrr
jl,k/,j//,k”
! S n
XD 30 10D} D@D | D 31 0D DU D) (8)

Expressingu, in terms of the molecule fixedbc compo-
nentsu, , and the direction cosine matrix elements,, and
separating the rotational and vibronic integrals, we can re-
write Eq. (8) as

' (S & & (So)
<(Drtq)vibq) iy |:U‘A|(I)rt(bvibq) SO>

elec elec

= 2 (Cj/k/)*CJ‘/IkH

jl,k,,j”,k”
X 2 <¢J’,k’|)\aA|(DJ",k”>
a=abc

’ S "
X<(I)j’q)vibq)( 1)|Ma|‘I’j"‘I’viloq’(so)>- 9)

elec elec

Electronic and vibrational variables are separated by writing
’ (S1) ” (Sp)
<ij’¢vib¢’ 1 |/-La|cbj”cbvibq) S°>

elec elec

=( D)/ Dyl oSy, S) | PP, (10
where w,(S;,Sy) is the electronic transition moment
(@] 1, | )y "and we expand it as

elec elec
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©) 0 in Sec. 14.1.3 of Ref. 32. Instead of the molecule fizadxt
Ha(S1,S0) = py (S1,Sp; P)+2 Mo’ (S1,S0;p) Qs componentsu,, of the dipole moment, we use the linear
combinations,

pi V=[F pptincd/V2

H

t5 2w (SHSipQQet e (A1)

and
. 1,0)__
wherer ands = 1 to 38 for toluene. Neglecting the depen- iy 0= g 13
dence of the electronic transition moment on the 38 smalire expression for the line strength is straightforwardly ob-
amplitude vibrations Ec(9) becomes tained from Eqs(14)—(43) and (14)—(44) of Ref. 32. We
have to make allowance for the facts that we consider two
<‘1’n‘bwb‘be|ec|MA|‘b V,btb(eifg) different electronic states but only one vibration, the torsion,
and that the rotational basis functions used are not the sym-
= 3 (i) Cime 2 (DN aal Py ) metric top functions|J,k,m), but linear combinations of
j' Kk’ J'" K" ! ! a=abc ' “ ' them We Obtain
X<(D |:U*(0)(Sli P)<(DV|b|q) |b>|<b ”> (12) S(in)
J! JH 2
The vibrational overlap factad ;| ®7;) is the same for all —g SS (o) G M S22k
the transitions we consider, and so it can be ignored in the S IR T I’k VKT (spmimkny |

calculation of relative intensities.
In practice, we calculate the line strengths by changing
to irreducible spherical tensor operator notation as explainedhere

(14)

1 ” ’
It r \] 1 \]
(S13"j7k") J+J"+k’ " (L0") (+) (+)
M(SOJHJ'/IkII) ( 1) \/ Z‘J +1)(2‘J +1)0271 <q) |lu’ (81180 p)|q) ”> (C Ck” <K” 0_/ _K/>
J’ 1) Jy 1 7 J’ 17
(F)yx ~(5) (=)yx ~(+) ()% ~(5)
+ C ’ C " + C ’ C " + C 7 C " . 15
( k ) k' (_K// O', _K/ ( k ) % (K// 0_/ K/ ( k ) k’ (_Ku O'/ K/)} ( )
|
Here, the quantities in parentheses ajesgmbols, The rotational and torsional selection rules for the for-
biddena-type bands of toluene can be understood by consid-
,uﬁr}'ﬂ)(sl,so;p)=[IME)°)(81,SO;p) ering the dependence of the electronic transition moment on
0 the torsional anglé.The dipole moment componenjs,,
+I/*l’( )(81150113)]/\/5, . ’ ” "o,
Mp, and u. have symmetried\; , A; , andA, in the Gy,
molecular symmetry group, and the species of$gandS;
(1.0) (0) . , "
(S1.S0:p) = pa (S1:50:p), (18 tates of toluene ark, andA, . From these results we see

. (0) . ” ’ ’ .
and the coefficients{™) are the Szalay—Lane coefficierifs. that u, °(S1,S0:p) has symmetr, , A, , andA, asa is

To simulate the spectrum it is necessary to convert thé © O G respectively. Using the facts that the function
line strengthS(f<i) to the relative integrated absorption €0S (61+3)p transforms as;’, cos Bp transforms ash,,
coefficient I(f<i). We assume a Maxwell-Boltzmann and sin(®+6)p transforms a#, (wheren is a non-negative
population distribution for th&, toluenes ¢, andd,), and  intege), we can write{see Eq.(6) of Ref. 7],
separate such distributions for the and E nuclear spin ) . .
modifications of theG,, toluenes @, anddz).2>"8243The My (S1,S0;p)=M3 cos p+Mg cos P+---, (18)

relative intensities are given by o b b b
wO(S,,Sy:p)=MG+M8E cos + M2, cos 1+,

|(f(—l)Oce_(El_Elo)/kTS(f<—|), (17) (19)

) ) and
whereE; is the lower state energy arﬁf is the energy zero
for the distribution to which théth state belongs; thi'_s was wlO(S,,Sy;p)=M¢ sin 6p+MS, sin 120+ . (20)
the (J,K,K;)=(0,0,0 level except for th&s,, E-state distri-
butions, for which it wag0,0,1). The choice of 0.5 K for the The values ofM3, Mg, and M’g were determined to be
temperaturd led to a good reproduction of the experimental 0.0206, 0.0509, and-0.0004 atomic units, respectively,
spectra. from state-averaged-CASSQRef. 33 calculations of the
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Internal-rotation structure, Model Il simulation, T=5K

J E 3a;y_0ay1 - d3
0 /\/\JfH\N;’;T)
1b-0a, 2a-0a —0a
2 11 2 04 d
] \Azzq b, 2a-1b, 3b-1b, 4a-1b, 2
. M pn f/\ N\
/ &/;bﬂ b, 2a-1 b2 <3b2--0a1 4a-1 b2 dl
. N\
/ 2ev_1 e" 3a'1'—0a" 491—1 e” do

20 30 40 50

wavenumbers from origin (cm-1)

60 70 80 90

FIG. 2. Simulated spectra of ti&—S, internal-rotation structure dfrom bottom to top tolueneedy, -d;, -d,, and €5, with (K{ —K{') labels. The simulation
usesT = 5K, Jnax = 15, linewidth= 0.5 cm'%, and the fitted parameters for Model II. The ratio of the peak intensity of the origin band to that of the 3—-0
band is 26, 31, 41, and 36, respectively, for the d,, d,, andd; isotopomers.

three ,u(ao)(Sl,So;p) at two p values (eclipsed and stag- Results for the band origingdoth experimental and cal-
gered, using themoLPRO94(Ref. 39 program system. Thus, culated are presented in Table Ill. Both Models | and Il give

we neglect allM; havingn=6 and in Egs(18)—(20) only
the parametert§ andM{ are considered to be nonvanish-
ing. If all dependence on the torsional anglewere ne-
glected (i.e., if M3 were also neglectedthen only
,uE,O)(Sl,SO) would be nonvanishing withAK;=0; such
bands would havé-type rotational structure. Allowing for
the dependence qf ,(S;,Sy) on p by includingM$ means

satisfactory fits to the data, and the resulting potential param-
eter values match those found in previobs-S, internal-
rotation-structure studié$®to within 2 cm *.

B. Rotational structure

Our experimental spectra of the origin bands are pre-

that in addition there can be forbidden torsional bands wittsented in Fig. Jtoluened,) and Fig. 4 (I; andd,), each

AK; = 3[®Nd{H) andd{ ) —d{ )] havinga-type ro-
tational structure.

IV. RESULTS
A. Internal-rotation structure

The internal-rotation structure in ttf#& —S, spectrum of
toluenedy,>>"ds,” andd,; andd, (Ref. 9 are known; in Fig.

sandwiched between the best simulated spectra from fittings
with Models | (above and Il (below).

First, note that thel; andd, spectra are nearly identical,
but that thed, spectrum has twice as many lines. This is due
to the additional presence of the 1-1 band in thespec-
trum, which has not been cooled away. This is a clear ex-
perimental demonstration of the independent existence of a
second nuclear-spin modification &f;,-symmetry toluene.
The d, andd, toluenes, having onl¥s, symmetry, do not
have suchA—E nuclear spin modifications, and hence pro-

2 we show the final simulated spectra which closely matctduce only 0—0 bands at 0.5 K. The 0—-0 band is almost iden-

the appearance of the experimental spectra.

The initial ab initio spectra, using either internal-rotation
Model | or Il, were qualitatively in agreement with experi-
ment, but there were band position errors of up to 8 ¢m

tical in all three spectra, and hence the deuteroisotopomer
spectra were helpful in assigning the rotational structure of
the toluened, spectrum.

Also noticeable in the experimental spectra, shifted 1-2

due largely to errors in the internal-rotation potential paramcm ! to the blue, are faint peaks due to the complex of
eters. From our simulated spectra we were able to estimateluene with an atom from the helium carrier gas. The
more accurately the position of the origin of each of theroughly 2 cm! shift agrees with that observed for the
observed bands; formerly these were estimated only as barklium—benzene complex many years ago.

maximums or midpoints. We then proceeded to the least-

squares fitting'see Appendixof 16 of the internal-rotation

Using our initialab initio rotational structure spectra and
intermediate fits, we could assign most of the lines in these

band origins observed for the four isotopomers. We assignethree spectra, although we do not have individual line reso-

a weight of 50 to thed, 1-1 band position, because we

lution. The rotational line positions are available from the

knew it 50 times more accurately than the others due to ouauthors on request. The most obvious discrepancy between

rotational structure fitting.

the experimental and pui initio spectra was the shift of
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n Model |
i A ananl AM\M’\ , M/N’\A)A\J\MMAA/\'M .
-15 -1 -05 0 05 1 15
expt
Model i
| | AAMJLMNMMMM/\M\AMMA, |
-15 -1 -05 0 05 1 15

FIG. 3. Experimentaimiddle trac and simulated spectra of the rotational structure of3heS, origin band of toluenel,, centered at 37 476.56 crh The
simulations usd@ = 0.5 K, J;,.« = 8, linewidth = 0.012 cm'?, and the fitted parameters for each internal-rotation model.

the 1-1 band relative to the 0—0 band in thgspectrum. 1-—1 band, but not the 60 band. The root-mean-square er-

We performed fittings to 93 lines in thky, d;, andd, spec-  rors were 0.0050 cm' for Model | and 0.0026 cm' for

tra (43, 26, and 24 lines, respectivelyrrom the resulting Model 1l. We found that we could achieve an rms deviation

simulations, we obtain an excellent reproduction of the ex-of 0.0028 cm* for Model | when we included(S,) in the

perimental spectréwith very good relative intensitiggor all ~ fit, but thatVg(S;) almost doubled in size and produced up
but the Model | simulation of thel, spectrum(top spectrum to 5 cm ! errors in the internal-rotation structure; this is

of Fig. 3. The simple model has difficulties reproducing the unacceptable.

Model |
o o
expt
J{ﬂ AAJ Model i
0 , Mo A M .AM . LAKMJ\ A A - . ,
-1.5 -1 -0.5 0 0.5 1 1.5 2 25
0.8 . * l . . I .
JM W Moadel |
5 o Aalo M s AMan A, , ,
) expt
0.8 ’ ’ I ! ' ‘ .
AMA M Modet Il
0 _ ot AN, ML/L,A AAMA/\ b , ,
-15 -1 -0.5 0 0.5 1 1.5 2 25

FIG. 4. Experimental and simulated spectra of the rotational structure &8, origin band of toluenet, and -d,. The experimental spectra are the 2nd

(d;, centered at 37 479.84 ¢rh), and 5th @,, centered at 37 487.33 ¢t from the top. The simulations ue= 0.5 K, J,,« = 8, linewidth= 0.012 cm'?,
and the fitted parameters for each internal-rotation model.
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The spectral fitting produced values for the geometryto make the fitting of the internal-rotation structure sepa-
and potential parameters which appear in Tables | and II; theately from the fitting to the rotational structure, and to make
Model Il result with its fitted parameters is an accurate dethese fittings in a successive way.
scription of the internal-rotation in toluene.

1. The parameters varied and the constraints

V. SUMMARY For the internal-rotation potential function, see E(s.
The rotational structure in the origin band of t8g-S, and (2), we could not determine individual isotopomer val-
fluorescence excitation spectra of three isotopomers of told€S OfVe for a given electronic state and so we constrained
ene has been measured at 0.012 tmesolution and a rota- the values oV for the deuterated versions to have the fol-
tional temperature of 0.5 K using a pulsed beam apparatud@Wing fixed relation to the value df for the d, version:
Simulations using a minimum energy 'path model that in- Ve(d,)=(1—0.040")Vg(d,). (A1)
cludes the dependence of the geometrical parameters on the . , o
torsional anglep give very good fits to both the internal- This formula fits our QASSCF data_l_rather well and is in
rotation structure and rotational structure in the Spectrar’easonable. ?chcorq with - an emplrlcgl rule  for mgthyl
whereas the simple model that neglects fhidependence is Perdeuteration. While we could in this way determine
not satisfactory for fitting the rotational structure of internal- Y6(do) for the S, excited state we could not determine it for

rotation-excited bands. Final geometry parameters are o€ So ground state and SO we held its value fixed at the
tained from the fitting for toluene in both th&, and S, CASSCF value of-3.0 cm *. For the unsymmetrical isoto-

states, and the resulting geometries for ground and excited®®mers allV; terms were varied; th¥/, terms did not ap-
state toluene are the most accurate to date. preciatively improve our fits to the spectra, and so in the
light of our CASSCF results we constrain®] = 0 in all

cases.
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etersK;, Kg, Ky, andKp (defined belowy, these scaling
APPENDIX parameters were the parameters that we actually varied in the

Generally, the internal-rotation structure gives in1‘orma-IeaSt squares fitting, and they initially had the value unity.

tion about the methyl group geometry and the internal- The parameteK+ is used only in Model II fits and si-

rotation potential function, while the rotational structure multaneously scales the methyl tilt parametgrand ,
gives information about the overall molecular size. We chose — Kq= y/ ySASSCR= 57 §CASSCF (A2)

TABLE IV. Result of fitting to the internal-rotation structure of t8g—S, transition, given as shifts from the
(0-0 band origin (cm?).

Isotopomer Transition I, CASSCF Il, CASSCF I, LSQ 11, LSQ Expt
PhCH le"—1e" —0.05 —0.30 -0.21 —0.22 -0.22
2e'—1e" 16.6 15.4 15.1 15.0 15.2
3a]—0a; 56.7 53.9 53.5 53.3 53.6
4e’' —1e" 85.1 80.2 78.8 78.5 78.2
PhCHD 1b;—1b, 2.2 2.2 3.7 3.7 3.7
2a;—1b, 214 20.7 29.8 29.7 29.8
3b,—0a, 475 45.9 49.7 49.9 49.6
PhCHD; 1b,—1b, 3.2 3.2 4.6 4.6 4.6
1b,—0a, 10.8 10.7 17.7 17.5 17.7
2a,—1b, 16.2 15.7 21.1 21.0 20.7
2a;—0a; 17.9 17.6 24.9 24.8 25.0
3b;—1by 28.7 27.6 33.0 33.0 33.3
3b,—0a; 40.4 39.3 44.5 44.6 44.2
4a,—1b, 57.5 55.6 59.0 59.4 59.2
PhCD, 2e'—1e" 8.3 7.9 7.4 7.6 7.5
3a;—0a; 32.0 311 30.7 30.9 31.2
rms error 4.3 4.3 0.25 0.22

30ur determination from previously published spectra; estimated uncertainty is 05 cm
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