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The long standing problem of the inability of many semiempirical models to correctly predict the
polarization of the higher dipole allowed optical transitions of phenyl basednjugated polymers

and molecules is examined and related to the issue of internal and external screemirg of
electron Coulomb interactions within the molecules. Following a review of previous theoretical and
experimental workgr electron only the Complete Neglect of Differential Overl&NDO) model

is presented which, for the first time, is able to predict accurately the energies and symmetries of all
the observed optical transitions of benzene, biphenyl teads-stilbene, up to~8-10 eV. In so

doing, it is demonstrated that the problem with previous calculations was the noninclusion of
screening from outside the electron system itself. By fitting separately the spectra in hydrocarbon
based condensed phases, in the gas phase and in solid rare gas matrices, and comparing the resulting
model parameters, we show that, while the effects of screening from the environment are certainly
noticeable, the most important spectral features—in particular the ordering of dipole allowed
transitions—come from effective screening by thelectrons. We find that both of these effects can

be adequately accounted for withinraelectron only model by using a dielectric constant and
appropriate parameter renormalization. 2002 American Institute of Physics.

[DOI: 10.1063/1.1489994

I. INTRODUCTION Models involving therw electrons alone and using Coulomb
type potentials never describe more than the first optically

The low lying electronic states and optical transitions ofallowed transition correctl}* The best that can be done was
m-conjugated polymers, such as papara-phenyleng and  recently presented by the current authbtsyho reoptimized
poly-(para-phenylene-vinylene and their substituted ana- the Pariser—Parr—PoplEPP model*® to describe the lowest
logs, are of great interest, both in terms of their basic physicsinglets and triplets of benzene, biphenyl, arahs-stilbene.
and because of their technological applications. HoweverThe main problem is that, no matter what parameter set is
their theoretical description remains a formidable challengeused, the second optically allowed transition is found to be
since Hilbert spaces are immense, even for the shortest olpolarized parallel to the long axis of the molecule, and the
gomers. Any theoretical description thus requires approximathird perpendicular, while experimentally they come in the
tions, usually eithefi) exact solutions to approximate mod- opposite order. This is also true of calculations on longer
els (semiempirical modelingor (i) approximate solutions to  oligomers and the polymers themselvés. this discussion
quasiexact model&@b initio). In the latter very few degrees we omit any weak particle—hole forbidden transitions, refer-
of freedom are omitted, so calculations are very large, ususing for the moment only to the strong absorption bands.
ally relying on, for example, restricted bases, local exchangesemiempirical models that directly include tbeelectrons
and/or other types of mean field approximations. These ocsometimes worK;'° and sometimes do nét* This is prob-
casionally fail, and they cannot easily tell us which factorsably due partly to poor parameterization, and partly to in-
are the most important. Semiempirical models usually leaveomplete treatment of correlation effects. Calculations are
out many degrees of freedom and interactions, hoping tearely reported beyond the double configuration interaction
capture the essential physics in what remains. In this wayDCI) level, despite the demonstration by Schuletral!?
they help us to identify which properties and interactions arghat this is not always sufficient. On the other hand, calcula-
the most fundamental. If they successfully describe experitions by Mooreet al**indicate that including the environ-
mental reality then that which was omitted can reasonably benent but not thes electrons can, for example, give good
considered unimportant. exciton binding energies.

Unfortunately, in the area af-conjugated polymers and So what is missing from ther electron only calcula-
molecules, these models have not always been very effectivéions? It has been suggestthat the most important miss-
ing element is the environment, which shoyét the least
dpresent address: Fysik IV, Box 530, Uppsala Universitet, 751 21 Uppsalas,Creen the Coulomb interactions betweenitelectrons'>**

Sweden. Clearly the o electrons are also missing, and this may be
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more important. They make several different contributions. [tWe will try to account for these two screening sources by
is accepted that the low lying spectra should be comprised dhcluding a dielectric constarg, in combination with addi-
7—m* transitions, but above some particular enetgyoc™ tional renormalization of the other parameters of the model.
ando—7* type transitions should become important, as well ~ After reviewing previous experimental and theoretical
as ionization and transitions to Rydberg states. Above thispectra for these molecules in Sec. Il and introducing our
energy(about 6—8 ey we do not expect ar only model to  model in Sec. Il we will in Sec. IV try to fit the spectra in
work, but below this it is surprising to need to include the the hydrocarbon condensed phases, where experimental data
electrons directly. There is, however, a second role played bgre more extensive. For comparison, we then continue to the
the o electrons, even at lower energies. This can be thoughtapor and noble gas matrix spectra, where environmental
of, roughly, as screening. In the full Hamiltonian, with all screening(should b¢ absent, before concluding in Sec. VI.
differential overlap, the wave functions corresponding to the
states occupied by the electrons will change a little in 1l. REVIEW OF THE SPECTRA:
response to the motion of theelectrons, even whem—7*  THE ROLE OF THE ENVIRONMENT
type tr:_;msitions do not occur; hen_ce, they contribute to the  The first columns of Tables I—IlI give a summary of the
screening of the Coulomb interactions between #helec-  experimental spectra of benzene, biphenyl, and stilbene. The
trons. In the complete Hamiltonian for the system thesgy experimental data, with notes and references are given in
changes are contained within differential overlap matrix ele, EpaAPS deposit accompanying this pafeSince we
ments, and are therefore lost in a complete neglect of differso\ experimental and theoretical spectra on the same tables
ential overlap(CNDO) approximation and hence in the PPP \ye |ist and label all of the states as per the condensed phase
model. At the same time we should, in principle, Wanniercc) spectra to be presented in Sec. IV. Hence the approxi-
orthogonalize both ther electron states included and the  5te particle—hole symmetry is used and for 1Bg states
electron states omitted, so speaking of screemiitgin the  of stilbene we add labelsor L for convenience, indicating
resulting model is formally not quite correct. However, the polarization relative to the long molecular axis.
Wannier orthogonalization is normally taken “as read,” and  carefull examination of the individual experimental val-
the diagonal overlap matrix elemeritghich become the pa- es for each pealsee EPAPS depo&f show that there is a
rameters of the semiempirical CNDO mogedre renormal-  djstinct uniformity amongst the hydrocarbon condensed
ized to best make up for the omitted off-diagonal terms, angyhase spectra. The measured energies of vertical transitions
it is in this sense that the word “screening” may be used.show only a rather small spread, usually about 0.01—0.05 eV,
Previous CNDO calculations have not done this well, and th%ometimes up to 0.1-0.2 eV. Peak broadening from phonons
main aim of this paper is to do it better. and other sources of uncertainty mean that, despite the num-
Sceening inm electron systems comes from three per of decimal places often quoted, the location of vertical
sources(1) from the otherr electrons(2) from the environ-  transitions is usually only certain to about 0.02—0.10 eV,
ment, (3) from the o electrons. As discussed by Moore depending upon the experiment. Moreover, the same transi-
et al> the sources of screening can also be classified byion in the same environment but different experiments can
their time constants. In “fast” screening the charges doingvary by 0.01-0.05 eV. The uncertainty in the vertical transi-
the screening rearrange on a time scale shorter than thosign energies is then similar to the variation of those energies
whose interactions are being screened; A classical dielectrigetween different hydrocarbon based environments, but
The screening charges can then be averaged over all of thedither different to the variation with respect to other environ-
configurations subject to a specific configuration of thements. This suggests that the screening effect of a hydrocar-
charges being screened. Hence the screening can be dsbn environment is roughly the same, irrespective of the hy-
scribed by a simple dielectric constant scaling down the Coudrocarbon in question, so the spectra can be combined to
lomb interactions. In “slow” screening the screening chargesform a single composite data set. Solvent shifts from the
react more slowly than those being screened. The averagapor are~0.1-0.5 eV for these molecules, so the vapor
over configurations is no longer possible, so a completgpectra and also the spectra from dilute solid solutions in
treatment must include the screening sources themselves. noble gases are distinct and must be considered separately.
Screening from othetr electrons is clearly in neither For each state we now find a narrow energy range within
limit. We will use sparse matrix exact diagonalization tech-which the vertical transition may lie for a particular environ-
niques[Lanczos, equivalent to complete configuration inter-ment and it is these which are given in Tables |-(For
action (CCI)] so we will treat ther electron screening ex- some of the higher states, where only 1 or 2 experimental
actly. (At the partial Cla electron screening is only partially values exist, the ranges given in the tables are taken from
treated). Since we thus solve the model exactly any failure ispeak broadening, etc., in the individual experiments.
due directly to inadequate treatment of the environment or oprinciple it would be preferable to keep to a single environ-
the o electrons. ment(e.g. pure crysta)jdut that would leave us with too few
Environmental screening from a hydrocarbon solvent isstates to fit. A semiempirical fit needs to involve significantly
also intermediate in rate, as shown by Moeteal®>'*We  more fitted states than model parameters, and is meaningless
therefore cannot treat it completely without including solventunless the symmetries and polarizations of those states are
molecules, but this would make the Hilbert space too largealso fitted.
We do not yet know the screening rate for theslectrons, Looking at the spectra themselves, those of biphenyl and
though either intermediate or fast seems perhaps most likelgtilbene have much the same structure, as expected since
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they are very similar in form. Both have three optically al- absorptiof® reveals two broad peaks, and a weak shoulder,
lowed transitions below-6.5 eV, where purer—7* transi-  all formally due to states o?Ezg symmetry.
tions are expected, and three above. For both these are po- Comparing these spectra with existing theoretical ones,
larized in the ordett L Il | L L. For stilbene the upper three (for example, see biphenyl results in Table) liie best to
have only been seen in an argon matfixyhere the fourth date using the PPP model have the second and third dipole
and fifth transitions overlap to produce a single band, withallowed transitions in the wrong ordel@amongst other er-
the polarization changing abruptly about halfway up therors) for both stilbené and biphenyP Nonetheless, that cal-
broad rising edge. An additional wedgrobably particle— culation did predict that the lowest singlet transition is dipole
hole forbidden transition lies below the first strong allowed forbidden for biphenyl, but dipole allowed for stilbene. For
transition for biphenyl. The equivalent for stilbene has notbenzene, with no long or short axis, the calculation came out
been identified, but probably contributes to the long tail ofvery well® Other CNDO calculations do even worse for both
the first allowed band. biphenyl and stilben&®“ The exception is that of Gudipati
Between the second and third dipole allowed transitionst al!’ for stilbene. They use a form for the Coulomb inter-
at least one 2 photon transition has been seen for each maetion which interpolates between fast and slowly decaying
ecule, with two more below the second allowed. In stilbenefunctions, to calculate the spectrum in an argon matrix. They
these latter lie above the first allowed, but for biphenyl theyget the order of the strong transitions correct, though, for
lie below. This means that biphenyl cannot electroluminescexample, the third dipole allowed transition is much too low
while stilbene could. for that matrix. However, they only calculate and fit the one
There have been claims of additional, very weak, lowphoton allowed singlet spectrum, and thus have about the
lying lAg states for both moleculé§-?°In stilbene it would  same number of model parameters as experimental points to
constitute a low shoulder to the much strongémg state fit. All the same, it does indicate that the difficulties lie with
above it, while in biphenyl it is part of the long tail of the the Coulomb interactions. Several Intermediate Neglect of
1 1B§g state. However, for example, it is not seen in calcu-Differential Overlap(INDO) calculations exist® but do not
lations for stilbene using either Multiconfigurational Secondquote the polarizations of the states, so it is impossible to
Order Perturbation Theoty(CASPT2, the Zerner Interme- assess their accuracy, apart from the recent ZINDO calcula-
diate Neglect of Differential OverlafZINDO) progranf?> or  tion mentioned above. In addition to this, TD-DFRRef. 22
the Time Dependent Density Functional ThédiT D-DFT), and CASPT2Refs. 21, 31, 3Rcalculations have been per-
and for both molecules it happens to coincide with the enformed. The ZINDO anéb initio techniques are much more
ergy of the first strong allowed transition. complex and demanding than CNDO calculations, but gen-
For biphenyl two low lying triplets are known: *BJ, erally yield qualitatively correct results, as one might expect.
and (probably 13B;, though the symmetry is uncertain as it Examining the gas and rare gas matrix spectra, we see
is known only from EELS. Only one such state is known forthat, apart from the overall shift of the spectra, they are in
stilbene.T,— Ty absorption in biphenyl gives a strong tran- fact very similar to those for the hydrocarbon condensed
sition to a®A, state 3.35 eV above®B;, and a broad weak phases. If the role of the electrons were not significant,
region with many distinct phonon peaks at lower energythen earliers electron only calculation;® which ignored
This is thought to contain two weak transitions: oneBgf, all screening apart from that resulting from theelectrons
symmetry, with triplet—triplet O©&1.81 eV, (vertical ~0.4  themselves, should describe the spectra in the gas and rare
eV higher) the other ofA; symmetry and triplet—triplet OO gas matrix phases quite well, at least up to about 6 eV or so.
around 2.55 e¥®?* The OO and vertical transitions are However, as noted above, they predict threorrecy order||
closer together for théA, states. We know nothing directly [ L for the first three dipole allowed transitions. This entails
about the vertical energies f@,— Ty transitions to these a large reorganization of the spectra of biphenyl and stilbene
states, but estimates are given in Table Il based upon thi@ the gas phases, with changes on the order of at least 1.5
width of the phonon broadening of the,— Ty spectrum, eV. In fact, the one photon spectrum for dilute stilbene in an
and taking the origin of the 1B, state as 2.84 eV. For argon matrix has exactly the same structure as that in the
stilbene only a singld,— Ty transition has been detected, hydrocarbon phases. The order and intensities of the polar-

about 3.3 eV abové@,. izations are maintained, and the phonon side bands are in the
Finally, the spectra for benzene are shown in Table Isame places relative to one another. The only real difference

Three states are seen in one photon absorpti&j;, 1for- is a solvent shift of roughly 0.2 eV, reflecting the weaker

mally forbidden in truly planar benzenehe strong £E;,,, environmental screening in noble gas matrices, as compared

and a very broadband peaked-ail eV?® The low lying  to hydrocarbon based environments. The shift is fairly rigid,
1B, is known and &dE,, transition lies at-7.6 eV in the  ranging from~0.1 to~0.4 eV for different states, much less
gas phasé®?’S,— S, absorptioR® has a peak at-8.9-9.6  than the roughly 1.5 eV needed to reverse the second and
eV and a very broad shoulder-af7.3—8.5 eV. A second peak third allowed transitions. The biphenyl vapor spectrum
at 9.8-10.4 eV may or may not exist since error bars arseems to be much the same; there are few changes apart from
large. These should formally b’eEzgj states in planar ben- an overall blueshift relative to the condensed phases. Unfor-
zene. An additional low IyindEzg state has been reportdd tunately, the peak broadening, due mostly to single bond ro-
in rare gas matrices but not seen in other measurements. Tkagion, is very great. The ¥B,, and 2'B;, merge, and it is

first three triplets are known too, although the third onlynot actually possible to tell which is higher and which is
from EELS, hence its symmetry is uncertaii;—T, lower. Nonetheless, they certainly do not swap over com-
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pletely, as thew electron only calculations would predict. assumption is that the proce&3 of moving a electron
They remain close together, and single bond rotation alonffom one atom to anothdivhich already contains & elec-
probably accounts for the apparent overlap. tron) is equivalent to the sum of two processé€b: the re-
This shows that environmental screening is probably nomoval to infinity of an electroriionization energy and (2)

the most important factor in determining the qualitative bringing an electron from infinityelectron affinity placing
structure of the excitation spectra of these molecules within & on an already occupied atom. To a first approximation this
PPP type model. Obviously, the environment does contributes correct. However, proces) ignores the presence of the
to the spectra, with solvent shifts of the order of tenths ofhole left by(1). Also, the relaxation processes are assumed to
eVs, but the experimental evidence is that the most importartitave the same energy f¢t)+(2) as for(0) and the atomic
effects (in terms of the ordering of the stajesome from  core potential felt by the electron which moves is assumed to
elsewhere. Calculations ignoring electron screening sug- be the same on both atoms, irrespective of screening from

gest effects of the order of eV coming from this. other electrons on the atom. These are all significant effects.
In addition, isolatedsp? hybridized atoms do not exist, so
Ill. THE MODEL Hinze and Jaffestarted from the values df and A for a

spherically symmetric atortthen known only to+0.3 eV)
and estimated the values for ap? hybridized atom by sum-
ming over the relevant Slater integrals and fitting the free
B T + 1 1 parameters to atomic spectra. Computational facilities being
H—(i%:a' tij[CiCjot CJoCiv]JrZ Uil mig= 5| =35 rather limited, they had to strongly approximate most of the
o integrals, and were unable to use configuration interactions
1 fully. It is therefore very unlikely that the value quoted is
+ Egj Vij(ni=1)(nj=1), (1) nearly as accurate as the four significant figures often used.
+ _ ) o The intraphenyl nearest neighbor hopping paramgter
whgrre Ci, Creates am-electron with sping on sitei. ni; s ysually takeh* as~2.4 eV, loosely justified on the basis
=CixCio» Mi=Nj;+n;, and() gives the sum over nearest o estimates of the,, /U ratio, and early fits of the first few
neighbors. In the CNDO approximation we could in prin- gtates of the moleculé$*—2® The single and double bond
ciple haveU;, Vi;, andt;; different for each{i, j}, and use  popping parameters, andty are usually thought2**to lie

them all as fitting parameters. In practice we restrict our-3,qund 2.2 and 2.6 eV, sh~1.0-3.0 is probably reason-
selves toJ;=U Vi. ForV;; we use the Ohrftpotential, but  gpje.

The normals electron only CNDO model is the PPP
(Ref. 7 model, which is our start point,

add a dielectric constar In practise these values have long been known to give
U poor results. Larget, and smalletJ are normally required.
Vij=—F—=. (2) For e=1.0 we found the optimal fit in hydrocarbon
eVltarj environments® to be U=10.06 eV, t,=2.539 eV, and
Fort;; we take the exponential form, 6=1.1422 eV, where we used the linearized form,
N 0 Al 1+ rij 3 tij:tp(1+6(rp_rij)) (4)
ij = tp COSOI; €X M ® i place of Eq.(3).

Our approach in this paper is simply to vary the param-
eters in the model to obtain the best fit to the composite
experimental spectra. For each parameter set, each energy is
converged to better than 1 in 40A mean relative error
compared to experiment;, is calculated, and this is mini-
rHw_ized with respect to the parameters. We use

5 IER —ESll

er c
n “« E;+E;

with r, andt, being, respectively, bond lengths and hopping
integrals inside the phenyl rings; ; is the rotation angle of
the 7 system around bond, j). This Hamiltonian is the
spatial symmetry of the molecule, namey;,, for benzene,
D, for biphenyl, andC,y, for stilbene, assuming strict planar
geometries. Also conserved are preserves particle—hole sy
metry and SW2) spin symmetry, though we use only the 100%
conservation of3?, operating in theS’=0 subspace and us- I'=
ing the “spin—flip” symmetry 1< | to divide the Hilbert
space into symmetric’] and antisymmetric})-sectors. where the sum is over all of the states included in theEft,
With e=1.0 this is the model the authors optimized andE{’ being the calculated and experimental enerdgi€s.
previously>® the failures of which were discussed above.is either the uppeE:" or lowerES™ limit of the experimen-
With €=1.0 it has also been used previouSlyput the pa- tally acceptable ranges given in Tables I-IIl.Ef>ES"
rameter set used was poor, and only SCI calculations werthen ES'=E; ", and if E;<E{ , thenE{'=E{ . Other-
done. Performing exadiCCI) calculations using the same wise, ES' =E;, i.e., we consider the error for a particular
parameters we find that the spectra are rather badly desalculated energy to be zero if it lies within the fitting range.
scribed, with, for example, dipole forbidden states belowThis error function is a little unusual, but is chosen to avoid
11B, for stilbene. biasing the fit. If we were to fit completely to, sgyE:"
The value ofU is traditionally taken as 11.13 é¥/, fol- +E; "), we would end up overemphasizing the importance
lowing Hinze and Jaff& in 1962. This value was obtained as of the states that adeastwell known experimentally, at the
the difference between the ionization eneffjyand electron cost of less accurately fitting thbetter known energies.
affinity (A) of an isolatedsp? hybridized carbon atom. The I'=0% if all the calculated energies in the fit lie within the

©)
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TABLE I. Experimental and theoretical spectra for benzene. Theoretical spectra are given at least up to 10 eV. The singlet state around 10 e¥aslyould for
(assuming absolute planarjte of E,; symmetry, but best matches ouFBfg 2

Experimental spectra PPP spectra

Rare gas matrices Condensed Gas
Condensed Gas
State El phases Xenon Krypton Argon phase E, O, E, 0,
Singlet spectrum
11B3, VW 4.66-5.01 >4.74, 4.89-5.34 4.80-5.00 4.929 4.759
= vw 5.81-5.91 5.81-5.91
1By, 5.82-6.13 6.09-6.21 6.08—6.90 6.00-6.12 6.19-6.31 6.055 6.298
1'E, s 6.35-6.80 >6.58, 6.67—-6.90 6.73-6.85 6.93-6.98 6.476 0.988 6.932 0.982
1'Ez, 7.30-8.45 7.62-7.66 7.742 7.546
2'Ey, 8.95-9.55 8.781 9.100
21A, 8.954 8.582
= 9.85-10.20
31Af, 9.85-10.20 0.888 9.796
1A, 10.517 10.594
21E], 9.2->10.8 10.836 10.285
Triplet spectrum
13By, 3.75-4.05 >3.66, 3.78-4.13  >3.67, 3.85-4.00 4.276 4.000
13E], 4.62-4.68 >4.61, >4.67, 4.70-4.80 4.849 4.747
13B,, 5.55-5.65 5.591 5.834
1%E3, w 7.2-8.2 6.942 6.664
2°%E,, s 8.6-9.2 8.635 0.132 8.969 0.098
23B;, 10.103 9.801
4%E,, 11.139 0.864 11.445 0.896

2All states are labeled according to the condensed phase PPP results. All erggyi@e(in eV, and are complete up to the horizontal line indicated. For more
complete spectra see the EPAPS dep@®éf. 16. Oscillator strength$O,,, or O, along the long molecular axi€), along the shor},are always given
relative to the lowest lying singlet or triplet. The experimental intensii#sgiven are intended as a rough guide indication. The following abbreviations are
also used: Subscripy indicates an OO transitiotas identified in the papers quoted. The are included here only when the transition peak is nojyxnown.
indicates an experimental state that we do not find within the theory:very weak. w=weak. m=medium. s=strong.

experimental uncertainty. For an individual state, an error ofransitions, we start by fitting the spectrum for biphenyl, not
a percent corresponds to being outside the experimentélenzene, and then proceed to that of stilbene before returning
range by~0.1 eV, so is reasonable. Averaged over all statesto benzene. We use the geometries shown in Fig. 1, but with
on the other hand]" can be fairly small, even when the all bond rotation angle&, 6,, 6,, and¢) set to zero. These
spectra are essentially wrong. Our previous spectrum for stilare taken from x-ray scattering data for biphéhyf and
bene, for example, which has the second and third dipoletilbene3®~*! For simplicity we use planar geometries
allowed transitions completely reversed, still hBs=2%.  throughout, though we note here that this is not wholly ap-
Hence care must be taken when comparing different fits. Fopropriate in liquid phases.
a fit to a spectrum of, say, 5—8 states, we would look fora_ .
value of '=0.1%-1.0% or less. A. Fitting the spectra

We also calculate oscillator strengths along the long and  We start by calculating the spectra of biphenyl and stil-
short axes for biphenyl and stilbene. These are given by thbene over very wide ranges faf, t,, A, ande, from the
projection onto the relevant axis of the square of the Elunphysically small to the unphysically large, and all be-
dipole operator. For axis, this is given for stata by tween. No parameter range wit#1.0 is found for which
the dipole allowed transitions occur in the correct order.
€>1.0 is definitely required. Considering the biphenyl states

Oh=en(Wo| 2 Xini| W), (6) Lo 1S COTNIETY required. Lonsiver St
' 1'B3y, 1'By,, 1'By,, 2'By,, 2'By,, and 1°By,, we

where the normalization is
0= (En_ EO)
"Wl (Xi—X))2C] C o W)
The O}, obey the sum rul& ,0;=1.

@)

IV. CALCULATING THE HYDROCARBON
MATRIX/SOLUTION SPECTRA

find that a “perfect” fit (i.e., with I'=0.0%) occurs around
U=7.0eV,t,=2.6eV,A=2.0-3.0,e=15.

The lAg+ states have been omitted here since there may
or may not be an additional one at 4.45-4.84 eV. The fit
obtained puts 2A; at ~5.96 eV. This matches the experi-
mental 1Ag state at around 6 eV, but is too high for the
additional state. The first particle—hole forbiddlathg state
lies at 6.131 eV so this is not the additional state either.
Redoing the fit but adding 2 and'3 at 4.45-4.84 eV and

Since the problems with earlier calculations are most.64—6.14 eV, to try to force the existence of the state, we
apparent in the polarization directions of the dipole allowedfind I'=1.00%, but obtain unphysical values far and e.
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TABLE Il. Experimental and theoretical spectra for bipheynl: All theoretical states are included up to at least 7
eV. See footnote “a” in Table I.

Experimental spectra

PPP spectra

Condensed Gas
Condensed  Neon Gas
State El phases matrix Phase E, O, E, 0,
Singlet spectrum

11B;, w  4.50-4.65 4.680.20  4.600 4.503

1'B3, w  4.10-470 >4.14, 4.625 4.520

?21A, w  4.45-4.85

1 181u m  4.75-5.05 5.2£0.15  4.800 0.427 5.123 0.398
2'Bg, 5.701 6.187

21B,, s 5.80-6.00 6.4t0.10 5.939 0.530 6.368 0.450
21A; s  564-6.14 6.062 6.082

3'A, 6.067 6.309

2By, S 6.12-6.19 6.4t0.10 6.178 0.493 6.502 0.501
41A; 6.678 7.162

5'Ay 6.685 7.019

3'Bgy, 6.755 6.842

31B;, 6.767 6.847

3By, w 6.7-7.1 7.18€0.15  6.775 0.001 7.228 0.001
41B,, s 7.0-7.3 7.660.13  7.353 0.427 7.735 0.363
5B, 7.9-8.2 8.3+0.15  7.793 0.059 8.158 0.075
7By, 8.320 0.002 8.685 0.001

Triplet spectrum

1387, 2.85-3.90 >2.85 3.574 3.435

1347 4.400 4.139

13B,, 4.00-4.10 4.530 4.489

1°%B3, 4532 4.490

23BY, 4.636 4.510

2°3A; 4.896 4.790

23B,, 5.160 5.445

2°%Bg, w ~4.9-5.3 5.196 0.005 5.471 0.003

237, w ~5.3-5.6

3 38lu 6.335 6.148

3°%B3, 6.346 6.239

33B;, 6.358 6.245

33A; s ~6.1-6.3 6.530 0.419 6.900 0.382
438, 6.695 7.029

43A; 6.785 2<10°% 7.241 2x10°°
5%, 7.077 6.797

43B,, 7.089 0.005 7.457 0.003
9°%Bg, 9.152 0.149 9.346 0.075
103A* 9.724  ~0.04 1003 ~0.2
123839 9.945 ~0.1 10.17  ~0.1
123A; 9.945  ~04

2 1A; still comes no lower thar-5.7 eV. Similarly, we find  with I'=0.0%, obtaining a fairly narrow region of parameter
no evidence for the state in stilbene, and so conclude thapace within which we fit the spectrum of stilbene. The Hil-
there isno additional low IymglA state for either case. Any bert space for stilbene is very large indeed, so we focus first
in plane twisting of phenyl units would reduce the true sym-on the observed singlet spectrum: the state’sB[,l(ll)
3'B, (L), 5'B,(I), 2'A; , and 3'A; , plus lower bounds
They would then become very slightly two-photon allowed.for 7 1B and 61A+ (Upturns near the edge of the energy
Since the spectra were taken in liquid solution this couldrange of 1 and 2 photon absorption experim&hisdicate
account for the measured intensity. In all further calculationghe OO transitions, but do not give the vertical transitipns.

metry of either molecule t€;, thus mixingA andB states.

it is presumed that 2A; lies around 6 eV in biphenyl and

around 4.4 eV in stilbene.

Now knowing the location of 2A we refine the biphe-
nyl spectrum fit, fitting 11839, 11B,,, 1'By,, 2'B,,,
2'A;, 2'By,, and 1°Bj,. We can still fit the spectrum

The labels(ll) and (L) for the 1BJ states are obtained by

calculating oscillator strengths along the long and short mo-

lecular axes. The weak transition to %mg state around 5.6

eV is omitted since initial calculations showed it to be due to

the 51Ag_ state rather than %Ag state.

Downloaded 11 Aug 2002 to 130.238.194.51. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



3576 J. Chem. Phys., Vol. 117, No. 8, 22 August 2002 C. W. M. Castleton and W. Barford

TABLE Ill. Experimental and theoretical spectra for stilbene: theoretical spectra are given for the condensed phases, and for the gas phasevtaramete
bond rotation and planar for comparison to the argon gas matrix spectrum, and are complete up to at least 7 eV. In addition results for the states 9
—16'B, are converged to at least the accuracy quoted. See footnote “a” in Table I.

Experimental spectra

PPP spectra

Cond. Argon Gas Condensed phases ¢=6,=6,=0 ¢=7°, 0, 6,=30
State El phases matrix phase E, O, 0o, E, O, O, E, O, 0o,
Singlet Spectrum
1B,() m  3.98-4.04 4.05-4.09>4.0Q0, 3.992 0.496 0.027 4360 0.491 0.026 4.371 0.485 0.038
218} 4.383 4.323 4.333
21A, vw  4.10-4.14
2'A; m  4.38-4.46 4.386 4.325 4.333
31A; s 4.99-5.07 5.063 5.054 5.059
41A; 5.362 5.806 5.828
3B (L) w  5.35-543 555-576 5412 >80 * 0.286 5.862 X104 0.276 5.854 0.001 0.266
51A; m  5.60-5.68 5.535 5.870 5.870
41, 5.816 5.756 5.731
5B() s 6.06—6.16 6.3-6.4 6.138  0.216 0.006 6.416  0.198 0.009 6.411 0.190 0.012
61A; s >6.12 6.244 6.300 6.291
6 153* 6.245 6.300 6.292
7'A; 6.388 6.792 6.789
81A, 6.556 6.724 6.722
7B,() m >645 6.9-7.2 6.731  0.235 0.004 7.207 0.240 X105 7.189 0.258 0.003
9'A; 6.968 7.374 7.381
8'B,(L) s >6.45 7.20-7.40 7.017  0.007 0.525 7.430 0.016 0.530 7.408 0.010 0.519
10'A; 7.047 7.031 7.025
9B, 7.095 6.805 6.796
10'B; 7.188 7.010 6.997
111B () m 8.1-8.% 7193 2x10°°® 5x10 % 7.676 7x10°% 3x10* 7.690 ~10°% ~10°
121B,(I)  m 8.1-8.7% 7.413  0.02 0.08 7.805  0.021 0.01 7.788 0.02 0.01
171B () m 8.1-8.% 7.982 ~0.001 ~0.01 8.272 ~0.01 ~0.01 8.267 ~10°4 ~0.01
18'B,(I) m 8.1-8.7% 8.046 ~0.003 ~0.03 8.441 ~0.001  ~0.01 8.423 ~104 ~0.01
19'B (1) m 8.1-8.7% 8.348 ~0.005 ~0.03 8.730 ~0.01 ~0.01 8.704 ~10°4 ~0.01
201B () m 8.1-8.% 8.664 ~0.01 ~10°° 8.805 ~0.01 ~0.001 8791 ~0.01 ~0.01
Triplet spectrum
138, >2.14, 2.686 2.613 2.606
1347 4.048 3.849 3.848
2%, 4.314 4.274 4.258
23nF 4.314 4.306 4.316
3 383 4.504 4.308 4.317
33A; 4.665 4.556 4.556
438, 4.925 5.244 5.255
53, 4.928 4.795 4.770
4°3A; 4932 1x10°% 0.014 5250 X107 0.013 5257 Xk10°® 0.013
53A, s 5.38-5.46 5.659 0.499 0.011 6.054 0.489 0.010 6.050 0.481 0.013
6 3A§ 5.986 5.920 5.919
6°B, 5.987 5.921 5.919
738, 6.384 6.216 6.197
7%A; 6.420 6.223 6.216
83B, 6.568 6.977 6.955
93, 6.629 6.985 6.970
83A; 6.632 1x10° 0.011 6.983 x10° 0.013 6.971 X107 0.013
10°B; 6.826 6.629 6.624

We still find a region of parameter space giving three hopping terms, and only via the exponent so is the least

I'=0.0%. It lies near the center of the hypercube<6l9

0.85xA=<1.15

critical.

We have exactly fitted the energies, symmetries, (ford

<7.3*x0.1leV, 26Xkt,<2.64-0.01eV,
+0.05 and 1.318€<1.425+0.001. The average values of dipole allowed transitionsthe polarizations of 14 states on
the parameters givingI'=0.0 are U=7.163eV, t,  two molecules, which amounts to fitting 39 separate pieces
=2.627 eV,A=0.990,e=1.361, and the center of the region of information (53 if the approximate particle—hole symme-
isatU=7.20 eV,t,=2.63 eV,A=0.95, ande=1.357. From try is counted. For a four parameter model this is very sat-
here on we will use this latter parameter set. isfactory and indicates that the model now accounts for all of

We now know the required value bfto =2.8%, oft,to  the essential electronic physics of the molecules, at least be-
+0.6%, of A to =15% and ofe to +4.2%. A only effects low about 6—8 eV.
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strength sum rule indicates there are no more one photon
1.39A . . transitions to be observéfl.We find the three transitions
+""* 151A/1.48A between 6.5 eV and 8.5 eV, with |l polarizations, respec-
tively, the short one being strong, the others weak, in accor-
dance with experiment. The first lies within experimental
bounds, but is too weak. The second~8.05 eV too high,
but has about the right oscillator strength. The last does also,
but lies about 0.1 eV too low. To get such a good description
of states this high up in energy from a model that involves
only 7 electrons is pleasantly surprising.

The lowest lying triplet state is well described, but the
second is a littlg0.3 eV) too high, and ha§Ag symmetry,
rather thar’B,, (which lies 0.1 eV higher againThe cal-
.- culated To— Ty spectrum has a strong transition to the
1.47A 33Ag’ at 6.530 eV, corresponding closely to the main shoul-

FIG. 1. Idealized geometries @& biphenyl (Refs. 37 and 3B(planar, der in the experlmental spectrum. TSheerea%ng state I.S
D,y ,) and(b) transstilbene(Refs. 39—41 (planar,C,;). For biphenyl the also' quite acceptgble at 5.196 e\ BSg. at 4-532 eV_|S
single bond length, is 1.51 A in the condensed phases, but 1.48 A in the particle—hole forbidden. However, the first fBlu—>3Ag
gas phaseRef. 43. transition with a weak oscillator strength lies at 6.785 eV,
which is much too high~1.2 eV). There are no particle—
hole forbidder’A; states in the 5.3—5.6 eV region either, so
we can only conclude that either our energy is very wrong
r this one state, or that the whole of the weak band in the

al

The triplets and BAQ of stilbene were previously omit-
ted to limit calculation times. In principle they could now be
added, together with the five known benzene states below

eV, to make 21 states fitted, thus refining the fit. In practice Ic|)n—>Tt'(\l) Stﬁzcgtlrjcr)?] 'S ;:? ;?O%3ﬁér\:v'r2n';?irhafgﬂ?ﬁ;?ne Ct%l:a-
we find that no real improvement can be made. Most of thesB N9 9 Ay P v 9

states lie well within the experimental bounds. Those WhiCI‘POIanzatlon measurements. We note, however, that although

. . . we find only one strong triplet—triplet transition below 7 eV
do not show too little variation over the region of parameter .

. . the oscillator strength sum rule suggests that there should be
space in question to be useful. We therefore take the values We do indeed i for 2—3 st i
U=7.20 eVt,=2.63 eV,A=0.95, ande=1.357 and evalu- o o '*¢ €O INCCEC SEE SOME SVICENnce Iar 2= STong fran-

i _ 3
ate the full spectra. The lower states are shown in Table'%'tIons aroun(_:i.9 10 eV, mosily to states @, syr-nmetry..
urther transitions tc?Bsg states should also exist at still

I-II1, but the full spectra, as high in energy as we were able . . .
P 9 9y eh|gher energies. However, wave function convergence for

to converge them, are given in the EPAPS dep§skor these is not liabl d thev lie far above th ;
biphenyl this gived'=0.0%, for stilbend =0.26% (includ- e€se s not very refiable, anc In€y fie 1ar above the energy a
which the model itself is reliable, perhaps even above the

ing the two additional stat¢sand for benzend =0.90%, di iai Fh lecule. | tice. further t
giving a combined"=0.33%. The theoretical spectra agree Issociation energy o e“mo ?Cu €. In practice, further tran-
sitions may exist, or the “lost” oscillator strength may be

with experiment rather well. Somewhat surprisingly, they dospread 00 thinly for detection
ight t t 8-10 ite th issi f ’
S0 right up to about 8 &V, despite the omission o The spectrum for stilbenécolumns 5-7 of Table I)I

o—* transitions. They will now be discussed in more detail. } . . .
also agrees well with experiment. The lowest lying singlet
transition is dipole allowed, and the first three allowed tran-
sitions are polarized correctly. In addition, our particle—hole
The fitted spectrum for biphenyl is given in columns 5 forbidden 2'B, at 4.383 eV coincides with one of the pho-
and 6 of Table Il. Al states fitted lie within the experimental non side band§ for 1 !B, it having long been expected
bounds, and the oscillator strengths predicted for one phototihat such a state should lie near here. There are also two-
transitions from the ground state are also in good agreemenphoton transitions at 4.386 eV and 5.063 eV, and the
though quantitative comparison is hard. As required, the firsparticle—hole forbidden SAQ state at 5.535 e\,-0.07 eV
dipole allowed state lies above the first two dipole forbiddentoo high. The experimental transition is weak, however, and
singlets, and now the second and third dipole allowed traneould be a phonon sideband, the vertical transition being
sitions are at the correct energies too. The vertical transitionBuried under the much strongerlag, to which it is a
to the first and second singlets both lie within the experimenshoulder. On the other hand, ourlﬁlg’ coincides with a
tal bounds, but come in the opposite order to that observedieak shoulder in the experimental spectifiithe shoulder
for the OO transitions. However, the order of the verticalwas too weak to be directly identified as an distinct transi-
transitions is not certain as the possible values ov&t&d®  tion, but our results suggest that it might be. Finally, the
and we find the separation to be only 0.025 eV—much lessipturn near 6.12 eV in the two-photon spectrum corresponds
than the difference between the OO and vertical transitionell to our 61Ag+ vertical transition at 6.244 eV. The upturn
energies. around 6.45 eV in the one-photon absorption also indicates
The higher energy dipole allowed transitions are alscan OO transition. The argon matrix measuremgnshow
reasonably well described by the fitted spectrum, despite thihat it should bel polarized, with a stronger transition just
omission of o—7* type transitions, and the oscillator above. The fitted spectrum has|idransition at 6.731 eV,

B. The fitted spectra
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TABLE IV. Comparison of results obtained using the PPP model withthe “traditional” parameters
(t,=2.4eV, U=11.26eV, e=1.0) (Refs. 4, 7, (b) the parameters optimized far=1.0 (t,=2.539 eV,
U=10.06 eV}, and (c) the current parameters optimised wi¢k0. These are compared with results from
ZINDO (Ref. 23, TD-DFT (Ref. 23, and CASPT2Ref. 29. State labeling is as in Table Ill. DFT results are
given (Ref. 23 for three different exchange/correlation functionals: Slater exchange/third Vosko-Wilk-Nusair
(SVWN) [equivalent to the Local Spin Density ApproximatighSDA)], Becke three-parameter hybrid
exchange/Lee-Yang-PaiB2LYP), and Becke three-parameter hybrid exchange/Perd¢B®886. Thel error

values listed are evaluated for the six transitions which are reported by all authors and for which experimental

values exist.
PPP models DFT

Standard Optimized ZINDO SVWN B3LYP B3P86CASPT2 Experiment
State e=1 e#1
1B, 4.25 418 3.99 3.85 3.70 3.94 3.95 4.07 3.98-4.04
2 1BJL 3.91 439 438 4.33 4.03 4.54 455 3.77 =4.04
2 1Ag 3.92 439 439 4.34 4.04 4.55 4.56 4.13 4.38-4.46
3 lAg 4.57 5.18 5.06 5.48 4.48 5.15 5.17 4.95 4.99-5.07
4 1A; 5.35 530 5.36 5.60 4.39 5.08 5.09 5.30
3B, L 6.03 6.06 5.41 5.50 4.46 5.15 5.17 542 5.35-5.43
41B; 5.20 5.88 5.82 5.46
5181 582 580 614 56 519 639 63P 595 6.06-6.16
7B, 7.16 7.18 6.73 6.14 6.23 6.49 6.52 =6.12
138, 2.33 2.78 269 256 =2.12-2.16

I" (stilbeng 3.6% 1.7% 0.0% 1.8% 5.0% 1.0% 1.0% 1.3%

*Molina et al. (Ref. 21) report two accidentally degenerate transitions at 5.42 eV instead of just one.
PKwasniewskiet al. (Ref. 23 assign their'B,, states at~5.1-6.4 eV to the experimental state at 6.1 eV, as
listed here. In the case of the DFT calculations, however, they have very small oscillator strengths and the next
state up perhaps corresponds better to the experimental one.

oscillator strength 0.235, followed by a one, oscillator simply an artifact. We see no sign of the proposed additional
strength 0.525, at 7.017 eV. The finalpolarized band, at 1Ezg state around 5.9 %/,

8-9 eV in the argon matrix, we find as a whole series of  The predictions for the first two triplets are overesti-
weak transitions, covering the correct energy range. As wittmated by about-0.2 eV, which is unfortunate. The main
the biphenyl transitions, it is pleasantly surprising to be ablgeak in theT,— Ty spectruri® fits our 23E2_g, and then our

to describe these higher energy transitions so well with a particle—hole forbidden ?LE;g would correspond to the
electron only model. The oscillator strengths, however, arg@eak’s weak shoulder. We also find a second, much stronger
not so good—the first allowed transition being much tooT,— T, transition, as yet unobserved,7 eV aboveT,. We
strong, the third too weak. This could be due to the non-predicts the absence of furth€g— T, transitions after this.
inclusion of phonon effects, imperfect planarity, etc. To summarize, our results for biphenyl and stilbene and

For the lowest triplet we have only an OO transition even benzene are in remarkably good agreement with the
available experimentally, at about 2.15 eV. We find the verexperimental data. The few problems mostly being restricted
tical transition at 2.686 eV, which seems a little high, but weto the higher states, where experimental information is dif-
cannot confirm this. The calculated triplet—triplet spectrum isfuse, ando—7* transitions are may be involved. The level
much the same as for biphenyl; the strongest transition is thef accuracy attained clearly indicates that the model contains
second allowed one, with a weaker one below it, which wasll of the fundamentally important physics.
not detected in the experimelftAgain, the sum rule sug-
gests morel,— T, transitions should exist, but we are un-
able to converge states high enough to find them.

The spectrum for benzene, calculated using the param- Table IV compares the stilbene spectra calculated by
eters derived for biphenyl and stilbene, is shown in column #arious different techniques and with various different ap-
of Table I. Again, most states lie within the experimental proximations.(The I" values in the table are calculated over
bounds, the first four singlets being described perfectly. Asthe seven stilbene singlet states listed to allow direct com-
signment of the high IyinglEzg states,(broader and less parison of all the theoretical approaches.
certain in the experimental specdtrs a little harder. Our Clearly, allowinge+#1 allows major improvements in the
11E2+g corresponds to the long two photon shoufiaround  m-electron CNDO spectra. Indeed, tlievalue obtained is
7.3—8.4 eV. The stronger peak must then be our particlesbetter than those for ZINDO and the varicais initio calcu-
hole allowed 21E2‘g, lying ~0.17 eV too low. The possible lations, although this is, of course, somewhat spurious, since
experimental peak with large error b&tat 10 eV, formally  the latter calculations contain many more degrees of freedom
alEzg, may be the ’oiAfg (allowed due to nonplanarityor  (and hence far more informatipand contain no free param-

C. Comparison with other calculations
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eters. They all have qualitatively good spectra, despite théhe double bond rotatiorp the potential energy surface is
larger values ofl". Nonetheless, it is important to note that similarly flat to about 7°. We therefore evaluate the spectrum
similar levels of accuracy can be obtained using a CNDOQwith both the planar geometrgp=6,= — 6,=0° and with

model involving only s electrons. $=7°, ,=30°=—6,. If the polarizability of argon is ig-
The only exception to the accuracy of the other methodsiored, then the planar geometry, together with the gas phase
is the CASPT2 value for the state we classify a&BZ . parameters, should also describe the spectrum of a dilute

CASPT2 finds it too low, unlike ZINDO and TD-DFT. We solid solution of stilbene in argof.

note that we could have left this state completely free during  For benzene we keep the planar point gradg,. The

our fitting and it would still have ended up where it is. Forc- space group of the biphenyl molecule witi#0 isD,, rather

ing it to come down below the first dipole allowed transition than the planaD,;, . Inversion is lost and states should be

as per the CASPT2 spectrum is very difficult, and messes ufabeled as“L'3Bf213 and*®A*. For convenience, however, we

the rest of the spectrum. keep theD,y, labeling, sinceA, and B, states cannot occur
CASPT?2 spectra also exist in the literature for benzendor 7 electron systems anyway. The loss of inversion also

and biphenyP'*2so0 we can also calculate a valuelbbver — means that the orthogonality of and 7 basis states is lost,

the states we have fitted for all three molecules. This comeso we anticipate mixing, at least around the single bond. Put

to I'=1.79%, largely since CASPT2 tends to underestimatanother way, the CNDO approximation comes out slightly

excited state energies. The mean underestimation is 0.12 edlifferent again. This is most likely to effedt. Similarly, we

and if the spectra are rigidly shifted upwards by 0.12 eV thermaintainC,,, labeling for stilbene, although in the nonplanar

I' becomes 0.69%, illustrating that the spectra are almostase we must calculate D,.

everywhere qualitatively good. We obtain a fit atlU=8.9+0.1eV, t,=2.64+-0.01 eV,

and e=1.28+0.01. The minimum of” extends over a range

of A from —4.6--3.1+0.1, with mean relative error

I'=0.046% over the 10 states used. The results given in the

A. Fitting the spectra tables are for the midpoint, with=—3.85. The limits set on

In the gas phase the dipole allowed spectrum of biphenyﬁhe acceptable energies for biphenyl &t45° were rather

is known, together with the OO transition to théB, state arbitrary, however, so we expect an uncertainty in the fit of

. . . . 9 i
of stilbene. This alone is not enough for a meaningful fourthe order of maybe 10% or more. It seems prudent to claim

parameter fit. However there is also a fairly complete specthglt (t;e (;boe;)t/”pirameter set could thear;ywhgre .al’Olégd
trum for benzene, so we proceed by a simultaneous fit o?' 2%-0.06%. Parameter sets meeting this criterion hve

both the benzene and biphenyl spectra. We include the firdf19'"9 from 8.9:9.0 eV, 1,=2.64-2.65eV, A=-2.7>
three singlet transitions of benzene, and the first two triplets._s'o' ande=1.26-1.28.
(The third was seen only using EELS, so its symmetry is not
known directly) For biphenyl the first five observed singlet
transitions are included, i.e., those below 7.5 eV. B. The fitted spectra and parameters

For biphenyl, easy rotation around the single bond gives™
very wide bell shaped peaks in the experimental spectra. The The fitted spectra agree well with the experimental data.
range of acceptable values for vertical transitions is thus\lmost all states lie exactly where they should, and the parts
large, even taking only the width at 90% of the maximaof the spectrum not seen or resolved experimentally support
(Table Il). The observed peaks for'B8;, and 2'B,, merge  well the picture that very few qualitative changes occur be-
completely, leaving one particularly wide peak, and the ordetween the gas and condensed phases.
of the states uncertain. In more detail, we find that, for benzene, all but the

The mean rotation anglé (see Fig. 1is reported to be 1'Bj, and 1'E, states lie within the experimental bounds.
about 45%344put the potential energy surface is rather ffat, For 1B, the OO transition, lying around 4.72-4.79 eV in
S0 we anticipate rotations of at least 15°—20° to be impormost experiments, carries a lot of weight, but the strongest
tant. We expect that the center of each of the peaks corrgghonon peak is at about 4.90 eV, so our value of 4.762 eV is
sponds to the#=45° spectrum. The peak widths may be a little too low. Our value for £E7, is low by just 0.006 eV.
given roughly by the difference between the spectra folLooking at those states not included in the fitting, th’eEIg
#=30° and #=60°, or perhaps by a wider spread @fWe  state is slightly low, with a relative error of about 0.5%. The
first fit the spectra assuming thét45°, and then examine third triplet (3'B,,,) is slightly overestimated, with a rela-
the variation withé. The single bond lengthi, measured in  tive error of 2%. As with the condensed phases, we see no
the gas phadis 1.48 A, slightly shorter than that in the evidence of an additiondE,, state around 5.8 eV, as pro-
crystal, due to the reduction in stearic hindrance vi#D. posed in the rare gas matricesWe therefore do not antici-

For stilbene, it appeats*®*’that the isolated molecule pate finding it at all with this model. At least the existence of
is planar at low temperature. However, gas phaseuch a state should be predicted byr&lectron only model
measurement8 indicate that the mean single bond rotation so we believe that the weak intensity observed in the experi-
is about 30°. Calculations based upon measured phonon freaent is not due to a singlet state. It may perhaps be related to
quencies show that foanti-symmetric rotations§;=—6,  the nearby £B,, at 5.60+0.05 e\?*>! Comparing the cal-
(see Fig. 1the potential energy surface is very flat to aroundculated gas phase spectrum with that for the condensed phase
20°—-40°, but only to 10°—20° for symmetric rotatidiidsor ~ we note that there are no qualitative changes at all except

V. CALCULATING THE GAS PHASE SPECTRA
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above about-8.5 eV, where our model should not be reli- implies that the effective screening by thelectrons is slow
able. or intermediate in rate. Indeed, almost all of the renormaliza-

For biphenyl we find no problems with our fit at all. We tion of the parameters has already occurred, even here in the
do find a separation of 0.1 eV between the second and third gas phaséd;)=8.9 eV, compared to 7.2 eV for the condensed
allowed singlet transitions, which was not resolvable in thephases, or to 11.13 eV anticipated in the absence of screen-
experiments due to peak broadening. They come in the sanieg; t,=2.64 eV for both condensed and gas phases, com-
short-long order as in the condensed phase. There are, howared to the 2.4 eV anticipated=1.28 compared to 1.31—
ever, a few changes compared to the condensed phase, nota43 for the condensed phase, but 1.00 in the absence of any
bly two additional'A, states lie below the second dipole screening(aside from the screening from the electrons
allowed transition, since they are less affected by screeninghemselves

For stilbene we have no experimental gas phase spectra So, the spectra of all three molecules are here predicted
to compare with, but changes relative to the condensetb have essentially the same structure and ordering in the gas,
phases are fairly small. One possible exception is that thargon matrix, and hydrocarbon matrix condensed phases, de-
vertical transitions to 2B and to 21A$ lie belowthe first ~ spite the solvent shifts, which do effect states of different
allowed transition(labeled 1'B, since we keep the con- symmetry to slightly differing extents. The ordering of the
densed phase labelings they do for biphenyl, rather than dipole allowed transitions remains unchanged, despite the
above as for stilbene in the condensed phases, where it waarkedly different screening abilities of the different envi-
significant for electroluminescence. The difference is tiny,;Jonments, and almost all of the parameter renormalization is
however(~0.038 eV}, so it lies within the uncertainty on the already present in the gas phase. Hence the most important
fit, since too few states are available for fitting. There isScreening interactions are internal to the molecules them-
certainly no evidence of large scale changes in the spectrugg!ves.
of any of the three molecules.

For the argon matrix spectra we do not anticipate com-
plete agreement, as we have not refitted the valueafany ~ C- The value of U

other parameters, assuming them to be equal to the gas val- As discussed in Sec. Il the value dfis normally taken
ues. The results are very reasonable, nonetheless, though ayf 11.13 eV, though the error bar is probably large. The
the energies are overestimated. This is to be expected, sing@rameter occurring within our model is not quite equivalent
the polarizability(and hence screening abilitpf argon is  to it, since it was renormalized while reworking the CNDO
small, but not zero as in the gas. We find all of the a”Owedapproximation_ The reduction &f is, in part, a consequence
transitions in the correct order and with roughly the correciof allowing for differential overlap terms which are other-
separations between them. As with the condensed phase, tigse and elsewhere omitted.
fourth experimental absorption barids comprised of two It is instructive, however, to try to estimate an effective
transitions; first d polarized one, then a strongerone. For  value U®"=(1—A) within our parameterization of the model,
the broad fifth absorption band we again find a collection ofto compare directly to the traditional valu@his we do here
very weak transitions rather than a single strong one. Theifor the gas phase case, but the condensed phases would come
oscillator strengths are hard to be sure of, since they argut similarly) This cannot be done completely, since the
weak and high in energy, making numerical convergence difatomic core potential does not occur explicitly in our model.
ficult. However, all of them seem to be short axis polarized|f we make the assumption that it is identical on all atoms,
in agreement with experiment, but the sum of them is stillirrespective of their occupancy, then it cancels out. If we then
too weak. It is also possible that with better convergence thealculate the total electronic energy in the ground state of
oscillator strength of one or more may increase, since adsenzene with five electrons, and subtract it from that with
cording to the sum rule, there is about 0.12 of relative oscilseven electrons we get an estimate &5¥. (At CCl we are
lator strength “missing” parallel to the short axis. restricted to benzene by the loss of the particle—hole and
The values we have obtained for t,, ande are physi-  spin—flip symmetrie$.We find U®=10.0 eV, exactly half-
cally acceptable, and will be discussed shortly. Thealue, way between the 8.9 eV value bfitself and the traditional
on the other hand, seems at first completely unphysicalvalue of 11.13 eV. Referring to Sec. lll, this estimate does
However, the resultindg values for biphenyl range from not include the difference in electronic relaxation between
2.282 to 2.514 eV for the 0.046% fit, being 2.395 eV atthe procesg0) (leaving a hole behindand the combination
A=-3.85. These are all perfectly reasonabledlivere 0° (1)+(2) (ignoring the hol& The resulting error inUS"
then t;=2.395eV would correspond to the acceptableshould be on the order of the screening energy contribution
A=1.504. It seems, then, that the effect of ther mixingis  to (I—A). The environmental screening is zero. With our
to increase the hopping across the single bond well abovpresent code we cannot directly estimate theelectron
that which would be expected on the basis of a pulec-  screening contribution, since all orders of Cl are automati-
tron model, partially compensating the effect of the rotation.cally included. However, we can estimate it for theclec-
The standard co#dependence, as used here, is clearly not dron screening, simply by setting=1.00. We find the im-
good approximation fop~30°—40°. proved estimateU®=11.24 eV. This overestimates the
Turning to the other parameters, it is clear that, even ircorrection from theo screening, but since we ignore the
the absence of environmental screenidgandt, are renor-  corrections from ther screening the estimate *=(1—A)
malized away from the values traditionally assumed. This=11.0+1.0 eV is reasonable. It is in agreement with the tra-
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TABLE V. Results of bipheny! calculations: energié, , in eV) and os-  previous CNDO calculatior® It also compares very favor-
cillator strengths ©,) of dipole allowed transitions as a function of ably to ZINDO. ab initio TD-DFT. and CASPT?2
(Oscillator strength are for transitions from the ground state. L , . ) .
More specifically, we were able to fit singlet spectra vir-
6=0° 6=45° 6=90° tually perfectly, and to higher energies than nominally ex-
pected from ar electron only model: up to 8—10 eV, which

State E o] E o) E 0 ! . . "
" ! " " " " is well into the energy range at whieh-7* type transitions

2132} 4.494  0.000  4.759 0.000 4.761  0.000 and ionization should be important, and is perhaps surpris-
;121} Zégi 8:2;’3 Zéég g:igg Z:Sgi 8:25? ing. For triplets, errors were sometimes slightly larger,
2133“ 6.496 0501  6.502 0.501 6640 0954 Maybe a few percent for an individual state. For oscillator
3131{ 7227 0001 7.228 %104 7071  0.000 strengths, the polarization directions and the general trends
31B,, 7.757 0431 7.735 0.363 7.300 0.000 in the magnitudes were correct. However, some were not
4'B;, 8162 0071 8158 0.075 7474 0.000 perfect quantitatively. This is probably due partly to the

omission ofm—¢™ type transitions, but mostly to our nonin-
clusion of phonon effects.

ditional valueU=11.13 eV, and hence our parameterization ~ FOf the gas phase spectra, we have fitted nine states of
is also in agreement with the original experimental datd?€nZene and biphenyl, with a mean relative error on the or-

which led to it. der of 0.05%, limited not by our fitting, but by the width of
the experimental peaks. This gave the parametédrs
D. Peak widths in the spectrum for blphenyl =8.9¢eV, tp=2.64 eV andA=-3.85 ande=1.28. For stil-

bene, calculated results agreed well with the absorption spec-
Since the apparerd—m mixing so strongly affects the tum in a solid argon matrix.
value of tg it is not clear how to calculate the spectra for To obtain this kind of accuracy suggests that we have, in
#=30° and #=60°. Instead, we calculate the spectra foreﬁect, found that which was missing from previous
6=90°, wheret, should still be zero, and=0° where the  r_glectron only CNDO approaches. What we have done is to
mixing should be zero. We use the valie-0.95 from the  ge 3 slightly more complex scheme for the empirical adjust-
condensed phase. The resulting spectra are shown in of Tablgant of the diagonal overlap elements, taking better account

V. Taking the strong variation in some of the oscillator ot the neglected differential overlap terms. This amounts to
strengths into account we would anticipate the existence qfenormalizing bothU andt, [such that outU is no longer

five peaks in the spectrum, covering 5:15.8 eV, 6.4-6.9  gquivalent to (—A)] and introducing a dielectric constagt
eV, 7.1-7.2 eV~7.4-7.7 eV, and~7.8-8.2 eV, with per-  ngnetheless, an estimate0ff=(1—A) in the gas phase was
haps a weak shoulder from the particle—hole forbidden keeping with the common value of 11.13 eV

APS _ \ : :
1°By, around 4.5-4.8 eV. This compares well with the  rpis 41| shows that the screening effects are indeed es-
peaks actually observed. The last is too low in the calculagenia| for an accurate description of the spectra of these

tion, but at~8 eV errors are to be expected. Residual phoygjecyles, as evidenced by the valuesdfeing significantly

non.broadening can a_cc_ount for the rest ‘?f_the peak Width%reater than 1.0. However, we found that most of the signifi-
Subject to the uncertainties due to ihem mixing, the peak o features of the spectra, and almost all of the parameter
widths thus seem reasonably well accounted for. renormalization, are already present even in the gas phase.
Since these effects are already present in the gas phase they
cannot be due to external environmental factors, as suggested
By comparing various experiments we first noted thatelsewheré> Environmental screening certainly has an im-
the differences in solvent/crystal shifts in the spectra of thegportant role, via solvent shifts, etc., which can lead to some
three molecules benzene, biphenyl, arehs-stilbene in dif-  reordering of states, which in turn may, of course, be physi-
ferent hydrocarbon based condensed phases are similar to te@lly significant in some cases. However, this is on the order
uncertainty in the vertical transition energies for most statef tenths of eV. The crossing over of these states when we do
in the individual spectra. It is then reasonable to compileand do not include the dielectric constant in the calculation is
them into a single composite spectrum, with error bars set bpf the order of eV. Since the dielectric constant and param-
the spread and width in the measured energies. eter renormalization are needed even to reproduce the gas
We then proposed a semiempirical CNDO model, of theand argon matrix spectra the principle screening must be an
PPP type, for calculating the spectra, with four free paraminternal property of the molecules themselves. Physically, it
eters which we fitted using CCI calculations for the threeamounts to a description of the slow or intermediate rate
molecules. For the hydrocarbon matrix condensed phases vgereening of ther— electron interactions by the elec-
succeeded in simultaneously fitting 21 states, including comtrons. This feature of such molecules is automatically in-
plete symmetry assignments affdr dipole allowed transi- cluded in mostab initio calculations, and in also handled by
tions) polarizations for the condensed phase spectra, with aome CNDO and INDO calculations which explicitly include
further 10 or so other states at higher energies also wethe o electrons. However, we have shown that, to a reason-
described. We obtained the fitted valubs=7.20eV, t,  able extent, the effect of electron screening need be in-
=2.63 eV, A=0.95, ande=1.357. This gave an average cluded to mean field order only, as parameter renormalizing
relative error over the 21 stateslof0.33%(total error 0.66 factors in the model. Hence it can be included i alectron
eV) compared td'=1.49%(total error 3.58 eYfor the best only CNDO model, with its far smaller Hilbert space and

VI. CONCLUSIONS
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