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This work is concerned with the characterization of the lowest electronic excited states-pfl21 and
2,2-binaphthyl, in particular with the determination of their equilibrium geometries, low-frequency vibrations,

and torsional potentials, via ab initio and density functional (DFT) calculations. The methods employed are
configuration interaction with singles (CIS) and time-dependent DFT, in conjunction with HaFoek and
DFT(B3LYP) theories for the ground states, using the 3-21G basis set. The strengths and weaknesses in
these methods for these large systems were tested extensively by reference to higher level calculations performed

on the benzene/biphenyl systems and on naphthalene itself. In the caseafd 2 2-binaphthyl the theoretical
predictions are consistent with a reassignment of the experimentally observed spec®(inps- S rather
thanSy(*Ly) — & as previously assumed. With this reassignment it is possible to provide definitive assignment
of a number of the observed low-frequency torsional and out-of-plane bending modes, as well as a more
confident identification of the conformation of the observed excited states. Feifidphthyl the theoretical
results are, however, at variance with the prevailing interpretation of the spectral data. As expected on the
basis of qualitativer molecular orbital theorys-delocalization has been found to be considerably more
important in thelL, excited states of the binaphthyls than in the ground‘ape@xcited states. The different
degrees ofr delocalization in the ground and excited states of these biaryls provide an explanation as to why
all these systems adopt nonplanar twisted geometries in their grouritlpextited states, while in thelt,

excited states they are computed to be either completely planar or considerably more so than in the ground
state.

Introduction The room-temperature electronic absorption spectra of these
large molecules are broddAll three isomers have been
investigated also in supersonic free jets. Jonkman and Wiersma
studied 1,1:-BN some 20 years ag®, while 2,2-BN and 1,2-

The electronic spectroscopy and molecular structure of
binaphthyl (BN) molecules, where two naphthalene rings are

connected by a CC bond, have been the subject of numerou . o
studies~14 along with a range of other biaryl syste#is? To BN were examined more recently by Del Riccio et al. and Zhang

date, most computational studies on biaryls have been carriedet. al.13AnaIy_sis of the LIF spectra yielded frequencies assoc_:iated

out at a semiemnirical level of the?§2° although for biphenyl with the torsional modes of these molecules as well as estimates
P o ' 9 pheny for the changes in torsional angles that occur on excitation.

(BP) a number of ab initio and density functional calculations ) ) ) . . o

have been reportéd:3%3LMuch of the interest in both spec- In conjunction with the experimental investigation of Del

. . ; . Ricci 3

troscopic and theoretical studies has focused on the conformationfRICCIO €t ak® and Zhang et al? we also undertook a

of such systems, i.e., the magnitude of the dihedral (torsional) coMmplementary quantum chemical study of the problem. Using

angle between the two aromatic rings, given that the associatedMethods based on ab initio and density functional theories, we

torsional potential is affected by electronicdelocalization set out tq determine the egmhbrlum geometries and.wbratlonal

(conjugation) and steric and environmental factors. For example, frequencies of all three, viz., 1;11,2-, and 2,2-BNs, in both

in 1,2-binaphthyl (1,1+BN), the two naphthalene rings are near- ground and lowest excited singlet states and to characterize their

perpendicular to each other in both grouge) @nd first excited torsional potentials. In particular, we aimed at providing an
singlet &) statest-327 while in 2,2-binaphthyl (2,2BN) the assignment of the excited electronic states and identification of

torsional angles are believed to be approximatefy 26°, 20°, the low-frequency vibrational modes that had been obse#/d.
and 0 in the S(11A), Si(1!B), S(2'A), and S(21B) states, Prior to this work only semlemp|r|cal studies had been parrled
respectively:329 These conformations are consistent with the Out on these systeni$,?® which focused on the torsional
relative degree of steric hindrance in these binaphthyls in their dependence of the ground and lowest fifarr*) excited states.
planar configurations as well as suggesting an increased degre&Vhile some of the results obtained appear to be consistent with
of 7 conjugation in theS; state of 2,2BN. The structural ~ €xperiment, discrepancies were also ndfetd,which, in part
formulas of the three BNs are shown in Figure 1, along with at least, provided the motivation to carry out higher level
diagrams which provide a simple geometric classification of quantum chemical calculations utilizing ab initio and density

the steric interactions that occur in the BNss. functional methods.
In the interpretation of the LIF spectra of %,2nd 2,2-
* Corresponding author. E-mail: g.bacskay@chem.usyd.edu.au. BN,1314 jt was assumed that the observed excited states
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These studies support our expectations that the key parameters
1,1-binaphthyl @@ @@ of interest, viz., torsional angles and potentials, as well as the
(1.1-BN) low-frequency wbratlonal modes, can be adequately described

' by the 3-21G basis.
©© @@ The torsional potential energy surfaces in both ground and
) excited states were calculated at the B3LYP/3-21G and CIS/
cis conformer trans conformer . .
] ) 3-21G levels of theory, respectively. The strategy in these
Steric =1-2+1-4 Steric =1-3 +1-3 calculations was to allow full geometry relaxation at any fixed
value of the torsional angle. Using the torsional potential energy
1,2'-binaphthyl ©© @@ @ surfaces that had been thus generated, the generalized finite
(1,2-BN) @ element method (GFEMJ was used to solve the one-
@ @ dimensional Schidinger equation that yields torsional energy
levels and FranckCondon factors which are subject to the
cisoid conformer transoid conformer possible anharmonicity of the torsional potential.
Steric = 1-3 + 1-4 Steric = 1-3 + 1-4 As a test of the accuracy and reliability of the proposed
methodology, a series of test calculations were carried out for
) @@ the benzene, biphenyl, and naphthalene molecules using the
2,2'-binaphthyl . . .
@@ @@ larger 6-31G(d) basis as well as higher levels of theory, in
(2.2-BN) @@ particular the complete active space SCF (CASS&#)and
the complete active space second-order perturbation (CASPT2)
cis conformer trans conformer theories. This allows us to assess the performance of the CIS/
Steric = 1-4 + 1-4 Steric = 1-4 +1-4 3-21G and TD-B3LYP/3-21G methods for the prediction of
geometries, frequencies, and excitation energies.
Steric 13 . 1:> > 1) The quantum chemical calculations were carried out using
interactions 2 3 . the Gaussiang8and MOLCAS* programs on DEC alpha 600/

5/333 and COMPAQ XP1000/500 workstations of the Theoreti-
cal Chemistry group at the University of Sydney and on the
COMPAQ AlphaServer SC system of the Australian Partnership

Figure 1. Structural formulas of the three binaphthyls. The general
type of steric interactions that contribute to the torsional angle are shown
at the bottom of each structure, with reference to the key at the bottom

of the figure. for Advanced Computing National Facility at the National
Supercomputing Centre, ANU, Canberra.

correspond to thé& states, which had been identified Hs, Quialitative Molecular Orbital Description of Biaryls. The

states in the semiempirical studies of Baraldi éédPand which geometries, frequencies, and electronic excitation energies of

correlate with thé'L,, (*Bz,) state of naphthalene. However, it biaryls, such as biphenyl and the binaphthyls studied in this
is possible that the excited states in question arélthstates work, are understood to be governed by two major effects:
of these binaphthyls. The main thrust of the work reported here z-electron delocalization (conjugation) and steric interactions.
is to explore this possibility and thus carry out a detailed study While the former are maximized for a planar geometry, steric
of 1L, excited states, which correlate with the, (*By,) excited effects generally result in distortions from planarity, which are
state of naphthalene. (The notatidn, L, was originally mostly torsional in character. Other effects, such as long-range
introduced by Platt as a systematic way of classifying and electrostatic, polarization and dispersive interactions between
correlating the excited states of cata-condensed aromaticthe aryl moieties, i.e., the intramolecular analogues of the
hydrocarbons.) The work on BNs has been extended to includecorresponding components of intermolecular forces, are expected
a comparative study of biphenyl (BP), which enables useful to be less important.

para||e|S to be drawn as well as |dent|fy|ng the differences As an aid to our understanding and appreciatiowdelo_

between these two biaryl systems. calization effects we found it useful to study biaryl systems, at
) least initially, in terms of a simple, qualitative molecular
Theory and Computational Methods orbital (MO) approach, such as’ekel theory*s While this is

The ground-state equilibrium geometries, force constants, andundoubtedly familiar territory to many readers, we hope that
harmonic frequencies were determined at the HartFeek SCF the majority of readers will derive some benefit from this simple
as well as density functional (DFT) levels of theory, utilizing Ppreliminary analysis.
the B3LYP functional, in conjunction with the split valence The results of Hakel calculations for BP and 2;BN are
3-21G basis set. shown in Figure 2. The pairwise interactions (as indicated by

Analogous 3-21G geometry and frequency calculations were broken lines) of the benzene MQO’s result in nondegenerate pairs
carried out for the appropriate excited states also, using theof bz, andbyy MO’s for BP. The pairs obyg anda, MO's arise
configuration interaction with single excitation (CIS) methbd  as in- and out-of-phase combinations of one component of the
within the Hartree-Fock model. The adiabatic excitation ey o0rey MO's of benzene. Due to the weak interactions, which
energies and hence the-0 transition energies were recalculated in Hiickel theory are actually zero, the resulting anda, MO’s
by application of the potentially more accurate time-dependent are near-degenerate. The weaker interactions among the mon-
DFT (TD-DFT) methodf#~37 using the B3LYP hybrid func-  omeric MO’s with different energies result in further stabiliza-
tional. tion of the occupiedbs, andb,g MO'’s of BP and a corresponding

The 3-21G basis is regarded as the smallest that can bedestabilization of the virtudbs, andbyg MO’s. The net result
expected to yield sensible results as well as being affordable inof these weaker interactions according tockel theory is a
terms of the computer resources for large molecules such aslowering of the totalr energy of BP by-0.383 (noting thats
the BN systems. In a few selected calculations the 6-31G(d) < 0). This is then a measure of the increagedelocalization
basis was used so as to gauge the accuracy of the 3-21G result¢conjugation) in the ground state. We note here that for BP
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as 2B; (1Ly). This is the state then which would be most affected
by inter-ringzz-delocalization and therefore the one that would
most prefer to be as planar as possible.
brg b @ Benzene, Biphenyl, and Naphthalene: Test Calculations.
by bll a, The equilibrium geometry and harmonic vibrational frequencies
of biphenyl in its ground state were computed by using Hartree
bau by 2 Fock and DFT methods in conjunction with the 3-21G and
3u by %2 6-31G(d) basis sets. The analogous quantities in the lowest
excited state were determined by the CIS method. The results
are summarized in Table 1. All computations correctly predict
;i By the ground-state geometry to be twisted. The equilibrium
(La) By (La) B2 torsional angles range from 50.%0 38.#, corresponding to
(Lp) (Ly) the lowest (HF/3-21G) and highest (B3LYP/6-31G(d)) levels
benzene  biphenyl naphthalene 2,2 binaphthyl of calcu_lations, respectively. The overall consistency of thgse
(Den) (Do) (Do) (Cro) results is regarded as acceptable. Furthermore, these torsional

angles are consistent with the MP2/6-31G(d) optimized value
Figure 2. Correlation of benzene/biphenyl and naphthalen&/2,2  of 46°, which had been obtained by Tsuzuki eBBAs inter-
binaphthyl MO’s. ring dispersion is believed to be a significant component of the
. . . - torsional potential, a correlated wave function method such as
essentially the same correlation diagram as that in Figure 2 wasy;ps ig expected to be more reliable than HartrEeck or DFT
derlvedlby IrEamur:’:\ a’;d IHoffma%ﬁby symrr_let:y a:(rgumer;ts for problems such as these. On the other hand, the inter-ring
to correlate the MO's of planar and perpendicular forms of BP. -, iq4ing) cC distance and the low frequencies (corresponding

However, the interactions of the monomeric MO'’s result in ; . : G
! to the torsional and other inter-ring vibrational modes) appear
a substantial decrease of the HOMO/LUMO gap, 1§.5%, to be remarkably insensitive to the level of computation.

soz-delocalization lowers the total energy of the corresponding On the ground-state surface the plars) and perpendicular

B, excited configuration by-(0.38 + 0.59)3. These results . - .
suggest that the BP in i3, state has a greater propensity to (Dzo) geometries (with torS|onaI_ angles O.f 0 and}?ﬂ_)rrespond
to transition state structures, i.e., rotational barriers. The low

be planar than in the ground state. Also, the correspondingt ional barri d th ey itivity of the int
excitation energy of BP would be expected to be considerably orsional barriers an € apparent insensilivity ot the Inter-
lower than in benzene. ring CC dlfstapce_ to the relative orientation of the. phenyls are
In reality, however, the lowest and second lowest excited ?r: COIE]JI’SGIIndI.C?tlve.Of the low de.ghieigloftlnte:ja(itlonllbett.ween

states of planar BP aisy and By, which largely consist of in- € phenyl moieties, 1.€., no appreci ectron delocaiization
across the rings. (The relatively large delocalization energy

and out-of-phase combinations of second highest occupied MO ; . : ) .
(SHOMO) ,[% LUMO and HOMO to second Ic?west unocgupied predicted by Huakel theory is thus an overestimate.) The twisted
equilibrium geometry is probably best explained in terms of

MO (SLUMO) excitations whose energies are ori.29 . . ) - ! o .
lower than in benzene. Consequently, these states would pecompeting steric repulsions and attractive dispersive interactions,

expected to be less sensitive to torsion thanBhestate which are at their maximum and minimum values, respectively,
Similar considerations also apply to the other biaryls. at the planar geametry, as suggested by Tsuzuki ¥ al.

However, as the size of the monomeric ring system increases, The CIS calculati.ons predict the Iowest excited state to be
the HOMO/LUMO gap decreases, as do the inter-ring interac- the By, corresponding t®zn symmetry, i.e., planar geometry.
tions between the monomeric MO’S Consequenﬂy,nh-e-) ThIS State iS d0m|nated by the HOM’@ LUMO tl’anS.itiOI’], z’_:lS
7* excitation energies of the dimer systems move closer to the €xpected on the basis of theekel analysis. The inter-ring
monomeric values and thedelocalization effects in the ground ~ CC distance is-0.08 A shorter than in the ground state, but at
and excited states become comparable. the perpendicular (99 geometry, i.e., in the'E state, this
The Hickel energies of the highest two occupied and lowest distance is effectively the same as in the ground state. These
two unoccupiedz-MO’s of naphthalene are also shown in geometric features are interpreted as a direct consequence of
Figure 2, along with the MO’s of planar 2;BN, with which the high degree of stabilization resulting from the large
the former correlate. As these four MQO’s of naphtha|ene are n-electron delocalization that occurs in this excited state. The
nondegenerate, the situation is formally simpler than in benzene.computed excitation energies vary approximately from 37 000
The By, state of naphthalene can be expected to be dominatedto 44 000 cm* (106.1-126.4 kcal mot?), which actually
by the HOMO— LUMO singly excited configuration, while bracket the experimental value 40 000 cntl. Thus, devia-
the 1B, and By, states would largely consist of in- and out- tions of ~3000 cnt* from experiment may be expected for
of-phase combinations of the SHOM® LUMO and HOMO related systems such as the binaphthyls.
— SLUMO excitations. According to experiment the energy  As noted already, according to experiment, the lowest two
ordering of these singlet excited states 185} (Lp) < 1By, excited states of BP a8z, andBy, states, both of which were
(1La) < 2By, suggesting that there is strong configuration consistently computed to lie above thgy, state when using
interaction between the two (near-)degenerate excitations. Inthe CIS or TD-B3LYP methods. These states largely consist of
planar 2,2BN (of C,, symmetry) the lowest enerd3s (as well SHOMO — LUMO and HOMO — SLUMO excitation, as
asA;) excited states would then correlate with the abByg indicated in Figure 2, and (inter-ring}-electron delocalization
and By, states of the naphthalenic fragments, respectively. can be expected to be less important than for'Bg state.
According to the semiempirical calculations of Baraldi et al., This conjecture is supported by the geometries and frequencies
in 2,2-BN the lowest singlet excited states, viziBland 2A, that were calculated for these states (Table 1). Unconstrained
correlate with the 1By, (ILp) states of the naphthalenes. geometry optimizations for these states of BP indicate, however,
Accepting this assignment as correct, in Figure 2 the configu- that the equilibrium geometries are not only twisted but further
ration built largely on the HOMG~ LUMO excitation is labeled distorted as a result of strong vibronic coupling with antisym-
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TABLE 1: Computed Geometric Parameters, Frequencies, and Relative Energies of Biphenyl in Its Ground and Excited States

state and geometry calculation ¢ (torsion), deg Rec(bridge), A low frequencies, cm  AE2kcal mol !
ground state'@) eq” geom Dy) HF/3-21G 50.9 1.490 60, 103, 126, 310 0.0
B3LYP/3-21G 43.3 1.489 66, 94, 122, 277 0.0
HF/6-31G(d) 45.5 1.491 67,105, 131, 298 0.0
B3LYP/6-31G(d) 38.4 1.486 71, 96, 129, 271 0.0
ground state’g) planar geomD2)  HF/3-21G 0.0 1.502 96i, 107, 210, 256 3.90
B3LYP/3-21G 0.0 1.499 79i, 97, 198, 232 2.46
B3LYP/6-31G(d) 0.0 1.494 84i, 98, 196, 227 2.09
MP2/cc-pVQZ/IMP2/6-31G(d) 2.28
ground state'@;) perp geomDzg) HF/3-21G 90.0 1.495 46i, 105, 105, 327 0.87
B3LYP/3-21G 90.0 1.497 44i, 96, 96, 307 1.55
B3LYP/6-31G(d) 90.0 1.496 56i, 96, 96, 302 2.51
MP2/cc-pVQZ/IMP2/6-31G(d) 2.13
excited state’By,) eq” geom Pzn) CIS/3-21G 0.0 1.404 47,70, 141, 204 126.4
CIS/6-31G(d) 0.0 1.409 32,70, 132, 200 120.7
TD-B3LYP/3-21G// CIS/3-21G 0.0 1141
TD-B3LYP/ 6-31G(d)//CIS/ 6-31G(d) 0.0 106.1
Excited state'Bsg) planar geomD2) CIS/3-21G 0.0 1.455 55i, 86, 210, 219 144.2
Excited state’B,,) planar geomDz,) CIS/3-21G 0.0 1.467 104i, 98, 165, 207 150.0
Excited state’B;) perp geomDaq) CIS/3-21G 90.0 1.491 2692i, 154i, 95, 95 156.4

a Adiabatic (vibrationless) relative energiéReference 30.

TABLE 2: Lowest Electronic Excitation Energies (cm~%; Including Zero Point Correction AEzpg) of Benzene, Biphenyl, and
Naphthalene Computed via CIS, TD-B3LYP, CASSCF, and CASPT2 Levels of Theory and Comparison with Experimental
Data?

CIS/3-21G TD-B3LYP/3-21G TD-B3LYP/6-31G(d) CASSE6-31G(d) CASPTY6-31G(d) exptl AEzpd3-21G

benzene Bay 51373 44 031 42 762 48 586 35535 39523 1094
B 52 163 50 024 47 990 60 105 52 791 50009 —2180
E, 68 101 57872 56 057 73778 55 269 55978 —2388
biphenyl 1Bag 49 322 39 158 36 900 36 950 34739 35296 —1116
37472 34 6506 33 66F
B 51732 41717 39727 39093 37234 36075 —689
39882 37 209 36 488
Buy 43 283 37678 35515 52 235 38 357 39680 -921
41129 37 663 37 534
naphthalene Ly: B, 43 803 36 502 34 936 33 384 32 326 32020 —623
1o B 41740 34 426 32503 49110 34 834 35910 —1144

a Ground- and excited-state geometries and frequencies determined at HF/3-21G and CIS/3-21G levels of theory, respectively, unless otherwise
indicated.? Active spaces: 6, 12, and #BMO’s with 6, 12, and 10 active electrons for benzene, biphenyl, and naphthalene, respecBeslmnetries
determined at HF/6-31G(d) and CIS/6-31G(d) levels of theory, respectiVBlgferences 47 and 48Corrected energies. See text and eg$S1
fBased on observed fundamental (36 075 nfor S — By, transition of biphenyldio and'By, — By separation of 750 cmi in the solid!84950
9 Reference 21" Reference 24.Reference 51.

metric combinations of the breathing modes of the benzeneis regarded as the highest level of theory utilized in this work.
rings. The results of this work will be reported elsewh®re. Hashimoto et a2 obtained excitation energies that are in better
In considerable contrast with the ground state, the torsional agreement with experiment using CASSCF and multireference
barrier height in théBy, excited state (which correlates with Mgaller—Plesset theory, with a larger active space as well as a
1B, in Doy Symmetry) is estimated to be 30 kcal mblwhich larger basis set than employed in this work.
can be almost entirely attributed to the presence of the large For BP, as remarked above, the CIS and TD-B3LYP
m-electron delocalization that is maximized for the planar calculations consistently predict tH8,, state as the lowest
geometry. excited state, in disagreement with experiment. While the
With regard to the correct ordering of the lowest excited CASSCF computations predict the correct ordering of the lowest
states, a similar problem to BP arises also for naphthalene, wherehree excited states, near-quantitative accuracy is achieved only
the CIS and TD-B3LYP calculations yield the incorreéBi, at the CASPT2 level, especially in case of thi — By
(1La) < 1By, (1p) < 2By, energy ordering of these states. In  excitation, indicating that there are substantial correlation
an effort to better understand these systems and to determinecomponents in the corresponding excitation energy. The equi-
the level of theory needed to correctly resolve the relative librium geometries and frequencies of BP in iBgg and 1By,
energetics, a series of CASSCF and CASPT2 calculations werestates were obtained at the CIS/3-21G level of theory, assuming
carried out for benzene, BP, and naphthalene, in addition to Don symmetry, viz., planarity. Our preliminary calculations
the CIS and TD-B3LYP studies. The CASSCF and CASPT2 indicate that the energetic effects of relaxing B constraint
computations, performed in conjunction with the 6-31G(d) basis, are fairly small, so for the purposes of this study we used the
utilize full valencen-MO active spaces with alir-electrons planar geometries.
treated as active, although in the case of naphthalene a smaller Naphthalene appears to be similar to BP in that the correct
active space was also tested. The results obtained are sumerdering of the lowest two excited states is resolved only by

marized in Table 2. the application of CASSCF or CASPT2. CIS and TD-B3LYP
In the case of benzene, the TD-B3LYP/6-31G(d) calculations tend to underestimate this particular excitation energy, while
yield excitation energies which are within3000 cn1? of the overestimating the others, viZA; — By, as well astAg —

experimental values, actually outperforming CASPT2, which Bggin the case of BP. Our CASSCF and CASPT2 excitation
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TABLE 3: Equilibrium Torsional Angles of Binaphthyls in Their Ground ( S) and Excited (L, and L) Electronic States

this work

CS-INDO/CI

experiment
(S)° P(*La)® P(*Lo)°® #(S) $(*La) $(*Lo) [AP(S-S)|
trans-1,1-BN 78 40 (-38) 74 4) 60 55 (-5) 49 (-11) ~6—12
trans1,2-BN 61 29 (-32) 54 7) 55 42 13) 60 (5)
cis-1,2-BN 119 151 (32) 128 (9) 125 138 (13) 130 (5) €18
trans2,2-BN 41 0 (—41) 32(9) 35 0¢35) 25 (-10)
cis-2,2-BN 136 180 (44) 144 (8) 145 180 (35) 155 (10) 932

a2 Angles in degrees. The values in parentheses are the differences in ap(8s,S), between excited and ground stateB3LYP/3-21G.
¢ CIS/3-21G.9 At C, geometry (with Hessian index of 19Based on assignment of the lowest frequency vibration as pure torsional mode, ref 14.
fThe planar ¢ = 0) geometry is actually predicted to be a saddle point by the CIS/3-21G calculations with an energy-thatis! higher than

the local minimum at = 9°. 9 Reference 13.

energies are in good accord with those computed by Matos andThe resulting corrected CIS and TD-B3LYP excitation energies

Roo$2 and by Hashimoto et &F

for BP are shown in parentheses in Table 2. The ordering is

To assess the effect of delocalization on the excitation now in agreement with experiment and there is an improved
energies in these biaryls, it is important that we compare the level of consistency among the CIS and TD-B3LYP results.
appropriate excitation energies of the given aryl and biaryl Moreover, especially in the case of the TD-B3LYP energies,
systems, i.e., excited states which correlate with each other. Asthe corrected energies are in reasonably good agreement with

indicated in Figure 2, in the case of 2BN with C, symmetry
the 1B, and B; excited states correlate with tig, (Ly) and

experiment.
Similar problems to those encountered in the CIS and TD-

Bu (La) states of naphthalene, assuming that the ordering in prT studies of benzene exist also in the case of naphthalene.
the former is determined by the relative energies of the excited Therefore the application of analogous corrections to the BN
states in naphthalene. The same analysis might be expected tQygitation energies is expected to be similarly useful and

apply to 1,1-BN, as it is also ofC, symmetry. However, as

will be discussed later, the strong configuration interaction

between theL, and L, states in 1,ABN makes a direct

correlation with the corresponding states of naphthalene less
meaningful. The lack of symmetry makes the establishment of

such a correlation in 12BN less obvious, but, as demonstrated
by the calculations of Baraldi et &P jt can be clearly identified.
In the case of BP th®&sy and By, States can be shown to
correlate with theB,, state of benzene, while tH&,, state of
BP correlates with th®,, state of benzene. The differences in
the excitation energies, e.gAE(BPBz;) — AE(benzenesy,),

may then be regarded as a measure of the delocalization of th
appropriate states of BP. On the basis of the experimental
excitation energies, the delocalization contribution to the ener-
gies of theBsg, Boy, andByy states of BP are thus estimated as

approximately—4200,—3500, and-10300 cnT1! respectively.

This trend is qualitatively reproduced by the calculations. For
example, at the TD-B3LYP/3-21G level of theory the analogous

delocalization contributions are4873, —2314, and—12350

cm L, respectively. The incorrect ordering of the computed With the
excitation energies is thus due more to the errors in resolving
the excitation energies of benzene itself with sufficient accuracy.

The crucial energy separation betweenBagandBy, states of
benzene are computed to bet000 and~6000 cntt by CIS

and TD-B3LYP, respectively, whereas the experimental value

is ~10 500 cntl. In light of these results, a justifiable empirical

correction to the computed excitation energies of BP would be

€

informative.

1,2-, 1,2-, and 2,2-Binaphthyls: Quantum Chemical
Studies.GeometriesFull details of the computed ground-state
geometries of the three binaphthyl systems and naphthalene
itself, obtained at the B3LYP/3-21G level of theory, are available
in Table S1 of the supporting information, which also contains
the computed vibrational frequencies. The intra-ring bond
lengths and angles are very similar to those in naphthalene itself,
as expected, given the nature of the G®ond that joins the
two naphthalenic moieties, which would not perturb the two
subsystems to any appreciable extent. As for BP, in the ground
state of any of the BN systems the relative orientation of the
two naphthalenic moieties is expected to be largely determined
by steric interactions. Three different types of steric interactions
can be anticipated for the six cis and trans forms shown in Figure
1. These are shown schematically at the bottom of the figure
and labeled as “1-2”, “1-3”, and “1-4". The hydrogen atoms
attached at these points will hinder torsion about the3bond
“1-2” interaction much stronger than “1-3” and a much
weaker interaction for “1-4”. With the exception of 1-BN,
the steric interactions for each rotamer are the same, at least at
this rudimentary level. Therefore, at a simple level, one would
expect the stability of the cis and trans forms to be similar for
1,2-BN and 2,2-BN, while in the case of 1;ABN the steric
interactions would strongly favor the trans form.

These effects are borne out by the computations, as indicated

to add to these the error in the appropriate excitation energiesby the data in Table 3 (as well as Table S1 of the supporting

of benzene. The corrected excitation energieS;.,r, are thus
defined as

AE,(BPB,) = AE(BP B, /calcd)+
[AE(benzeneB, /exptl) — AE(benzened,/calcd)] (1)

AE,,(BPB,,) = AE(BPB, /calcd)+

[AE(benzendB, /exptl) — AE(benzeneB, /calcd)] (2)

AE,, (BPB,,) = AE(BP:B, /calcd)+
[AE(benzeneB, /expt]) — AE(benzene, /calcd)] (3)

information). The computed equilibrium values of the torsional
angles in 2,2BN (only 1—4 type steric hindrance) are 4and
136 for the trans and cis forms, respectively, which are both
more planar than 1'2BN (1-3 type steric hindrance) with
torsional angles of &1(trans) and 119(cis). However, while
two distinct conformers, representing cis- and trans-like con-
formers, were identified computationally at the B3LYP/3-21G
level of theory in the case of the 1;2nd 2,2-BN molecules,
only one was found to exist for 1I;BN—slightly trans of
perpendicular with an angle of 78nterestingly, in case of 12
BN, no cis conformer was predicted by HF/3-21G calculations
the single equilibrium geometry found corresponds to a trans
form.
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TABLE 4: Inter-ring Bridging CC Distances ( Rcc) and Lowest Four Vibrational Frequencies in Ground (S) and Excited (1L,
and Lp) States of Binaphthyls Computed at B3LYP/3-21G and CIS/3-21G Levels of Theory as Indicated

S (B3LYP) 1L, (CIS) 1L, (CIS)
Reg, A low frequencies, cmt Ree, A low frequencies, cmt Rec, A low frequencies, cmt
1,7-BN 1.499 17257,59, 143 1.430 5471, 722166 1.492 22265, 66, 144
trans-1,2-BN 1.493 2953, 63, 143 1.426 4870271, 148 1.480 36858, 67, 151
cis-1,2-BN 1.494 33248, 63, 146 1.425 4857272, 146 1.479 4450, 65, 138
trans-2,2-BN 1.487 35048262, 129 1.419 942b87,114 1.470 3752273, 133
cis-2,2-BN 1.487 41244061, 130 1.418 1#39P95, 105 1.470 4846068, 131

aTorsion.” Butterfly. ¢ At C, geometry (with Hessian index of 19 Anharmonic torsional 6~ 1 transition frequency.

Our CIS and TD-B3LYP calculations predict thle, states ® 11BN (S) O 1,1-BN(L)
of the BNs as the lowest energy excited states. For &/d e 12BN(S) o 12BN(L)
2,2-BN this is in disagreement with the semiempirical cf&tZ, A 22BN(S) A 22BN(L)
according to which thélL, states have the lower energies, as in 2T T T 1 T e X
naphthalene. Since our CIS and TD-B3LYP calculations do not
resolve the correct ordering of thd, and L, states in 150 |- """"----'--..__,_‘.___5___-____.___. ---------- S .
naphthalene, we assume, at least for the time being, that the 4 A : b «"A\‘A\ °
same discrepancy exists for these two BNs as well. In the case 45| i
of 1,I-BN there is consensus inasmuch as all computations I 4 \a
identify the lowest excited state &ks,. < el ' i
In their ground andL, excited states 1'1and 2,2-BN have o O O\\
C, symmetry; the symmetries of thg excited states are &l. [ /o
In the Ly, viz., 2'B states, however, the equilibrium geometries ™4[ e 3, y
obtained underC, constraint are not local minima on the I 0.9 o
potential energy surfaces but transition state structures, i.e., they 142 a8 TR A
have a Hessian index of 1. Similar problems have already been PR RERR Y PR SvRY SR E U S
noted for the'Bsy and 1By, states biphenyl. As in that system, 20 0 20 40 60 8 100 120 140 160 180 200
for 1,7- and 2,2-BN the normal modes with the imaginary Torsional angle (deg)
frequencies are antisymmetric breathing vibration8 afym- Figure 3. Correlation between the bridging CC distances and inter-

metry. The equilibrium geometries and frequencies of loigth ring torsions in the ground and excited states of the three binaphthyls.
andtrans2,2-BN were therefore redetermined in the reduced
C1 symmetry. The drop in energy and the changes in the localization in thell, states. These results are in accord with
torsional frequencies that result from the relaxation of the the predictions of the simple t¢kel model as discussed above.
symmetry constraint are fairly smal-@00 and 1700 cmt in On comparing the intra-ring bond lengths and angles of the
the case of energies for the cis and trans conformers, respecthree BN systems in theitL, excited states with those of
tively) but not negligible. The analogous calculations for<1,1  naphthalene in it3By, excited state, the differences are found
BN were not completed, due to the very troublesome nature of to be more substantial than for the ground states. In particular,
the optimization process, caused by the near-degeneracy of th€a) the CC bonds flanking the bridging CC bond in the BN
Ly(+) andLy(—) states. molecules are noticeably longer than the corresponding bonds
The computedL, and 1L, excited-state geometries and in naphthalene, (b) the hydrogen atoms from the different
frequencies of naphthalene and of the three BNs, obtained bynaphthalenic subunits which are in close proximity to each other
the CIS/3-21G method, are listed in Tables S2 and S3 of the have been made off-planar (with respect to their parent rings),
supporting information; the computed equilibrium values of the by as much asin the case of 1,4BN, and (c) the naphthalenic
torsional angles are listed in Table 3, while the inter-ring rings themselves in I'dand 1,2-BN are slightly nonplanar.
bridging CC distances are given in Table 4. In comparison with These distortions are consistent with the presence of substantial
the ground_state geometrieS, all molecules are Computed to bénter-ringn-electron delocalization, which confers some double
substantially more planar in théir, excited states. In factis- bond character to the bridging CC bond, with a concomitant
2,2-BN (in its L, state) was computed to be planar, while a decrease af-bonding within the rings. The increased planarity
slightly nonplanar geometry (with an equilibrium torsional angle ©of the BN molecules which is brought about by the electronic
of 9°) was obtained for the trans rotamer. However, as the €xcitation does result, however, in an increase in the steric
torsional barrier to planarity in the latter was found to be just repulsions which is then alleviated by the naphthalenic moieties
6 cm 1 high, the zero-point averaged geometry of this rotamer themselves becoming slightly nonplanar.
too is planar. In general, the equilibrium torsional angles in the  As part of this work is concerned with the detailed study of
1L, states differ from the ground-state values by-32°. In the torsional potential of binaphthyls, whereby the potential is
addition, the inter-ring CC distances até.07 A shorter in mapped out as a function of torsional angle (with all other
the 1L, states. Indeed, in these excited states, there is a cleargeometric parameters allowed to fully relax), a considerable
inverse correlation between the bridging CC distance and the body of data has been generated that allows further exploration
planarity of the system, as inferred from the computed equi- of the correlation between the bridging CC distance and inter-
librium torsional angles. These observations are consistent withring torsion in the BN systems in their ground ahld states.
a considerably larger degreesmfdelocalization in thél, states. The computed points are displayed in graphical form in Figure
By contrast, the torsional angles and inter-ring CC distances in 3. On the ground-state surfaces, while there is a definite
thell, states are very much closer to the corresponding ground correlation, the equilibrium inter-ring distances as a function
state values, suggesting a significantly lower degree-de- of torsional angle vary little in comparison with what is observed
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for the 1L, excited states, where the computed distances peak 1,1"-binaphthy!
sharply in the near-perpendicular region of-6Q2( . e —
Harmonic FrequenciesThe computed harmonic frequencies i AN ]
of naphthalene and of the three binaphthyls are given in Tables 43500 La'," .
S1, S2, and S3 of the supporting information in their ground, L ] k ]
1L,, andlLy states, respectively. The lowest frequencies, which 43000 | .
mostly correspond to the inter-naphthalene torsional and wag r ]
modes, are listed in Table 4. A detailed description of the low- 42500 | 3
frequency modes and comparison with the available experi- - ]
mental frequencies is presented in a later section of the paper. 42000 | 3
It is worth noting at this point, however, that in the ground states < r ]
of most conformers the lowest frequency corresponds to torsion § 41500 | 3
with values ranging from 11 to 41 crh The exception israns- - 3 ]
2,2-BN where the lowest frequency mode is an out of plane % 41000 | 3
wag, which, for obvious reasons, will be referred to as a butterfly |G ; ]
mode. Such a name is really only appropriate for systems which 40500 | 3
are near-planar, so the butterfly mode can be most readily - ]
identified for the two 2,2BN conformers in their ground states 40000 | .
as well as for allL, excited states of the three BN molecules. y ;:
The torsional frequencies, ranging from 11 to 72¢épappear 100 E
to vary more than the frequencies of the wag modes such as 500 3
the butterfly mode. This suggests a greater sensitivity and ]
variability of the inter-naphthalene potential, to torsions than ofF , . e et ]
to other distortions. This is consistent with the notion that steric 20 40 60 80 100 120 140
hindrance has a dominant contribution to the inter-naphthalene trans cis

Torsional Angle (Degree)

potential.
i -DOI } : Figure 4. Torsional potential energy surfaces of thinaphthyl in
Since th(-a zero-point averaged structuret_rahsz,z BN IS. ground and excited electronic states, computed at B3LYP/3-21G and
planar (which corresponds to a small barrier on the torsional ¢,5/3 51 levels of theory and by CS-INDO/ZIThe semiempirical
potential energy surface), the torsional frequency quoted in Table cyrve has been adjusted upward to facilitate comparison with the ab
4 is the anharmonic 6~ 1 transition energy, obtained by initio curve.

solution of the appropriate one-dimensional Stihger equation )
as described in the next section. fragments of each BN for a range of torsional angigswere

calculated at the UHF/3-21G level in the presence of the (ghost)

Torsional Potential Energy Surfaceshe potential energy orbitals of the other naphthyl. The BSSE is thus quantified as

surfaces of the three binaphthyls in their ground and excited
1L, states, computed as functions of the torsional angles, are — _ _
shown in Figures 46, along with those obtained by the CS- ABsssd?) = EIAB)], — EIA + E[B(A], — EB] (4)
INDO/S-CI method by Baraldi et &->° Our torsional potentials  \hereE[A(B)] , andE[A] denote the energies of naphthyl A in
were calculated at the B3LYP/3-21G and CIS/3-21G levels of he presence and absence of the basis functions of naphthyl B
theory for the ground and excited states, respectively, such that(at a given dihedral angle). The calculated BSSE's are typically
for any fixed value of the torsional angle all other geometric ground—2000 cntl. The lowest (most negative) values occur
parameters are fully optimized. (The torsional angle is defined i the region of¢p = 90°. Thus, correcting for BSSE would
as the C+CC(bridge)-C2 dihedral angle, where C1 and C2  actyally increase the 9Marrier heights in 1.2 and 2,2-BN.
are carbon atoms flanking the CC bridge from the two For the latter systems the computed BSSE’s vary by 449 and
naphthalenic moieties.) The resulting potential for a given 519 cnt? at most in the regiog = 0—90°. The net effect on
molecule is therefore a minimum-energy pathway between the the equilibrium geometries of these two BNs is negligible, but
two distinct conformers with respect to the torsional angle as the barriers a# = 0 would be reduced by100 cnT! at most.
defined above. Clearly, in comparison with the ground states, For 1,1-BN the only tangible effect of BSSE correction would
the potentials are very much more sensitive to the relative pe an increase in the equilibrium torsional angle in the excited
orientation of the naphthalene moieties in thgexcited states.  state to~50°, resulting in close agreement with the CS-INDO
This behavior is a consequence of the greater degree Ofprediction (which is not affected by BSSE).
m-delocalization in these states, as discussed above, and noted The ground-state potential of 1-BN has a single minimum,
already for the analogou,, state of BP. We did not map out  put the well is very flat-bottomed. In light of the expected
the corresponding torsional potentials in thestates. However,  proadness of the zero-point torsional wave function, the vibra-
given the relatively smalir coupling in these states, as noted tjonally averaged torsional angle would be very sensitive to even
above, the barriers at the (near) perpendicular orientations inminute variations in the potential, which makes the determina-
1,2- and 2,2-BN are expected to be comparable to those in tijon of any change of torsional angle on electronic excitation
the ground states. The semiempirical calculations of Baraldi et gjfficult. The excited!L, state potential has a single minimum
al.?™29 support this conjecture their computed barriersinthe gt ~40°, although, as indicated, correcting for BSSE would
!L, states of 1,2 and 2,2-BN are approximately twice as high  increase that to~50°. There is a hint of a possible second
as in the ground states. minimum at~115°, but our calculations produced only a point
In response to a reviewer’s query we investigated the potential of inflection, which is a consequence of the crossing of various
effects of basis set superposition errors (BSSE) on the computeddiabatic potential energy surfacEsThe existence of such
torsional potentials. This was done by the application of the regions of near-degeneracy made the computation of a relaxed
counterpoise methot,whereby the energies of the naphthyl adiabatic potential quite a difficult task, as noted already in the
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Figure 5. Torsional potential energy surfaces of 'ththaphthyl in Figure 6. Torsional potential energy surfaces of ‘Zhthaphthyl in

ground and'L, excited electronic states, computed at B3LYP/3-21G ground and'L, excited electronic states, computed at B3LYP/3-21G
and CIS/3-21G levels of theory and by CS-INDOEThe semiem- and CIS/3-21G levels of theory and by CS-INDO/EThe semiem-
pirical curve has been adjusted upward to facilitate comparison with pirical curve has been adjusted upward to facilitate comparison with
the ab initio curve. the ab initio curve.

context of geometry optimization for thé, state in C; proximately half as high (1157 and 1629 chfor the trans
symmetry. The energies at torsional angles of a0d >90° and cis conformers, respectively) as the one at the perpendicular
were thus obtained at geometries that had been fixed at thegeometry (2686 crt).
nearest fully optimized conformations, i.e., changing only the  The computed torsional potentials of 2BN, shown in
torsional angle, as in a rigid scan. Consequently, the possiblerjgyre 6 are qualitatively similar to those obtained for'1,2
existence of a second small minimumret20® cannot be ruled BN. The main difference is near the planar geometry where
out. the barrier to interconversion between cis and trans through this
The B3LYP ground and CISL, excited states of 12BN geometry is substantially smaller, as understood byEi\only
are both predicted to possess double-well potentials, as showrhaving 1-4 type steric interactions, as shown in Figure 1.
in Figure 5. As remarked above, however, the HF/3-21G According to our B3LYP calculations, in the ground state of
calculations yielded a qualitatively different result for the ground 2,2-BN the energy difference between the cis and trans
state: a single minimum potential. The appearance of a double-conformers is just 9 cmi, with the barrier at the perpendicular
well potential as a possible consequence of electron correlationconformation being 625 cm, while the two barriers at the
is certainly an interesting and somewhat unusual effect. It is planar conformations are 805 and 920¢ror the cis and trans
hardly surprising then that the energy barrier between cis and conformers, respectively. On the basis of these results, we would
trans conformers, as predicted by DFT, is very low60 and expectcis- and trans-2,2-BN to be present in comparable
160 cnT! above the trans () and cis (186) conformers, amounts under the jet-cooled experimental conditions, resulting
respectively. While such a barrier is not sufficiently high to in two distinct electronic spectra.
prevent free interconversion at room temperature, it is high  |n the excited!L, (*B) statecis-2,2-BN is planar while the
enough under jet-cooled conditions§ K). Thus, at such low  trans conformer is effectively so, since the barrier at the planar
temperatures 12BN should exist largely as the cis conformer.  conformation is only~6 cm* (which lies 0.5 cm? below the
The steep repulsive walls of the potential, as planar conforma- zero-point torsional energy level). The barrier at the perpen-
tions are approached, are of course a consequence of the rapidlyjicular geometry is 4150 cm above the energy of the cis
increasing steric repulsions between the two naphthalenic conformer. In comparison with the other binaphthyls,-BR
moieties, primarily due to the ortho hydrogen atoms. On the has the least amount of steric hindrance. In light of these
other hand, the barrier at the perpendicular form is due to the observationsl 2!2BN has |0ng been predicted to have a near-
elimination ofz-electron conjugation across the two naphtha- planar conformation in the excited st&t& Our calculations
lenic rings, as noted already. confirm this prediction in the case of the, state, but, as the
In thelL, excited state the geometries of btk andtrans results in Table 3 show, in tH&, state the equilibrium torsional
1,2-BN are significantly more planar than in the ground state. angles are close to those in the ground state, i.e., the molecule
Moreover, the barriers at the planar geometries are ap-is far from being planar.
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TABLE 5: Lowest Energy Electronic Excitation Energies (AE)? and Oscillator Strengths ) of 1,1-, 1,2-, and 2,2-Binaphthyls
Computed via CIS/3-21G and TD-B3LYP/3-21G Levels of Theory and Comparison with Semiempirical and Experimental Data

CIS/3-21G TD-B3L YP/3-21G CS-INDO/CI
AE, cmt fb AEcm™? f AE*cm™ fd exptl AEzp #3-21G, cnt
1,1-BN (La: 1B; Cy) 39331 0.76 30 002 0.41 31760
31716 —934
(*Lp: 1B; Cy)® 43729 0.0015 35961 0.0047
32980 0.034 —1262
cis-1,2-BN (La: *A; Cy) 39038 0.78 30 609 0.50
33208 32093 35290 0.627 30828 —871
(Lp: *A; Cy) 43 240 0.006 33887 0.097
31 457 29 405% 33440 0.006 —665
trans-1,2-BN (La: *A; Cy) 38794 0.86 30383 0.50
32964 31867 35290 0.503 —870
(Lp: *A; Cy) 43 210 0.014 34 158 0.047
31427 29 676 33440 0.033 —647
cis-2,2-BN (*La By Ca) 38016 0.76 30559 0.51
32 186 32043 34870 0.417 30 060 —864
(Lo *A; Cy) 42 326 0.0004 33452 0.0082
30543 28 970 32670 0.042 —651
trans-2,2-BN (La 'B; Cy) 38818 1.13 31804 0.91
32988 33288 35670 0.707 —910
(*Lp: *A; Cy) 42 282 0.0001 33034 0.021
30 499 28 552 33160 0.044 —648

aIncluding zero point correctiodEzpe. Zero point corrections for ground and excited states computed at HF/3-21G and CIS/ 3-21G levels of
theory, respectively? Evaluated at excited state (CIS/3-21G) geometfidgliabatic excitation energies, as inferred from the figures in refs 27
29. 9 Evaluated at ground-state equilibrium geometries, refs2B7 ¢ At C, geometry (with Hessian index of 1\Corrected energies. See text and
egs 3.

Torsional Energy Leels Utilizing the torsional potential same type of empirical corrections to the excitation energies of
surface, solution of the appropriate one-dimensional Stthger 1,2- and 2,2-BNs as for biphenyl, which are given by eqsa.
equation (by the generalized finite element method) yields For the BNs the corrections are simply the differences between
torsional energy levels which reflect the anharmonic nature of the opserved and computed S L. and $ — 1L, excitation
the (one-dimensional) torsional potential. Provided the coupling gnergies of naphthalene. One immediate effect of these correc-
to other modes is not strong, the resulting torsional energies ;. ic that the differences between the CIS and TD-B3LYP
can be meaningfully compared with observed torsional progres- . . 1
SiONS. exgltgtmns have been rgduged 1(20(?0 cmt or less. The

validity of such a correction is questionable, however, in the

For the 1L, excited states otis- and trans2,2-BN the 11BN wh the strict lati ft dL
computed energy spacings show a monotonic increase with thet@S€ O 1, » Where the strict correlation of thie, andLs,

torsional quantum number in both conformers, i.e., negative States of naphthalene and 38N may not hold, given the large

anharmonicity, in reasonab|e agreement Wlth experiment, degree Of COnflgUrannal mIXIng that exists in thIS SyStem, as

especially in the low-frequency region, beloww = 12. In the demonstrated by Baraldl.

region of high torsional quanta the observed spacings become

more uniform, corresponding to more nearly harmonic behavior.
By contrast, in 1,2BN the calculated torsional progressions

in both cis and trans conformers of the, excited state were

found to be almost completely harmonic, with a near-constant L ;
spacing of~51 cnr L. excitations of 1,2 and 2,2-BN the CIS differences between

The pattern of torsional energy levels obtained for-BM the BNs ?nd naphthalene are considerably smallers0-
in its L, excited state appears to be quite harmonic also. Up 1520 cml, while the TD-B3LYP shifts are comparable with
until v = ~20 the spacing is-52.5 cnt?. Further up a small what had been obtained for the-S 1L, excitations. Using the
positive anharmonicity is evident, which reduces the spacing terminology of the excitonic model, it appears that at the CIS
to ~30 cntt atv = 42. The purely torsional frequency 662.5 level the coupling between the localiz&l — L, excitations
cm 1 is lower than the normal-mode frequency of 727%¢m on the two naphthalene moieties is very small and the computed
probably because the latter includes contributions from other excitation energy in essence corresponds to the excitation of
mode:_s. _ _ _ just one naphthalene. This explains why symmetry breaking

Excitation Energies and Oscillator Strengtfihe computed  occurs for 1,%kand 2,2-BN, resulting in systems where the
excitation energies and oscillator strengths for the binaphthyls geometry of one naphthalene moiety is essentially that of
?relcsgflmmgg(z)%deT;I' y?'blﬁe?'ﬂ;r;ne tﬁgseegg;?ggg s nr—irrge_?Dare naphthalene in thd_, excited state, while the other’'s geometry
ypically Igher than thos " y " is close to that of naphthalene in its ground state. The inter-
B3LYP method. Zero-point vibrational corrections range from L . .

ring coupling is predicted to be considerably stronger by the

~650-900 cn1?l, except for the excitation to thk, state of _ S )
1,2-BN, where the equilibrium geometry (B, symmetry) does TD-B3LYP calculations, as indicated by the larger difference

not represent a local minimum on the potential energy surface, in the excitation energies of the BNs and naphthalene, which
as discussed already. Since the CIS and TD-B3LYP calculationssuggests the possibility that the symmetry breaking could be
substantially overestimate the energy of tHa, state in an artifact of the CIS computations. We note, however, that
naphthalene in comparison with thke, state, we applied the  the TD-B3LYP excitation energies of cis am@ns2,2—BN

The & — 1L, excitation energies are predicted to be
considerably lower in the binaphthyls than in naphthalene, by
~2400-3700 cnt? at the CIS level, and by up t©4400 cn1?
at the TD-B3LYP level of theory. In the case of tBg— Ly
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in the reducedC; symmetry are still lower, by 1694 and 386 both isomers will be trapped in their respective wells, leading

cm™1, respectively, than their counterparts@a symmetry. to almost equal populations even at very low temperature in
While both CIS and TD-B3LYP predict tHe, excited states  the jet.
to have lower energies than tH&, states in the BNs, the Several aspects of our calculations lead us to question the

application of the empirical correction, so as to correct for the assumption that the experimental spectrum arises frongithe
error in 1L, — L, energy differences, switches the order, so (‘Lp) — S transition. Unfortunately, the estimated potential
that with the exception of 18BN, the lL, states would lie errors in our calculated-00 excitation energies3000 cnt?)
~3000 cnT? lower than théll, states, in qualitative agreement  are too large to allow this question to be settled unequivocally.
with the CS-INDO/CI results. Although it cannot be ruled out However, the oscillator strength is very weak for e— &

that thell, states might actually be the lowest excited states, it transition but significant for theS(*Ly) — S transition.
seems unlikely on the basis of the results obtained in this work. Additionally, the reassignment of the experimental spectrum as
Unfortunately, these systems are too large for CASPT2 calcula- S — $ provides an explanation as to why a contribution from
tions with at least the 6-31G(d) basis on the computers availableonly one rotamer was found. The calculated equilibrium energies
for this work. Nevertheless, we were able to complete one suchof the cis and trans isomers in ti8 excited state differ by
calculation forcis-2,2-BN in Cy, symmetry at the CIS/ 3-21G ~ about 1300 cmt, with the cis having the lower energy. Tg
equilibrium geometry, with 12 active-electrons in an active ~ — S transition in thetrans-2,2-BN molecule should therefore
space of 127-MO’s. (The analogous CASPT2 calculation on lie 1300 cnt! above the cis origin. Consequently, the spectrum
naphthalene, with six electrons in six activeMO'’s, yielded from the trans isomer would be lost in the higher lying congested
31 671 and 33 784 cnd for the S — L, andS, — L, excitation vibronic structure of the cis spectrum. It is even possible that
energies, which are in good agreement with CASPT2 results the unassigned complex structure lying 1650 ¢rabove the
listed in Table 2 (with 10 active electrons in 10 activd0’s). 0—0 transition in the experiment might be due to the— &

In the case otis-2,2-BN the CASPT2/6-31G(d) calculations transition in the trans rotamer. Further consequences of the
have yielded adiabatic excitation energies of 28 913 and 32 731reassignment are discussed below in some detail.

cm~1for theS — Ly andS — L, transitions, respectively, in The matrix spectrum of 22BN was also been published by

remarkably close agreement with the empirically corrected TD- Del Riccio et al®* A 0—0 transition in the matrix of 28 459

B3LYP/3-21G results. cm~! was assigned to thg§ — & transition. The unusually
A major difference between the, S~ 1L,, 1L, transitions is large matrix shift from the gas phase1500 cnt?!) was noted

that the excitations to these two states have very different Py the authors and rationalized by assigning the gas-phase
oscillator strengths, as the data in Table 5 demonstrate. At thetransition to being a false origin. On the basis of the current

TD-B3LYP level the computed oscillator strengths range from WOrk we now propose that the matrix and gas-phase spectra
0.41 to 0.91 for the §— 1L, transitions, but are-42 orders of arose from two different transitions, with the matrix being the

magnitude lower for the S— 1L, excitations, in good accord S~ S and the gas phas® — . The resulting~1500 cn'
with the CS-INDO/CI resultd?-28 difference between the&s and S states is in reasonable
agreement with our CIS and TD-B3LYP as well as the
semiempirical estimates, even given that there will be a matrix
%hift of a few hundred wavenumbers in the experimegal
value.

Several low-frequency vibrations were identified in tis
2,2-BN spectrum?? with frequencies of 31, 131, 140, and 200
cm™L. The lowest eight vibrational frequencies for the excited

State ofcis-2,2-BN are tabulated in Table 6. We have animated
all the low-frequency modes using GAUSSVIEW and labeled
rt\hem as simply as possible. The lowest frequency mode is
distinctly the torsion, as assigned experimentally. The calculated
harmonic frequency is significantly lower than the reported
. ) - xperimental frequency; however, the vibration is very anhar-
BN shows one pronounced progression, assigned as the torsiongh,onic. The spacings between consecutive torsional levels, as
vibration, built on a variety of other vibronic transitions. The jpiained by solving the one-dimensional Satinger equation
spectrum was interpreted as arising from 81¢'Ls, 'B) — S for the computed torsional potential, are 17, 23, 25, 27, and 29
transition. Detailed analysis of the frequency pattern and .1 for the first five transitions, gradually increasing to 36
intensity distribution of the torsional progression led to the 14t = 15 and to 43 cmt atv = 45. These values are in
conclusion that only one of the cis and trans isomers contributed acceptable agreement with the reported experimental torsional
to the spectrum. The previous semiempirical calculations placedfrequency of 31 cmt, which in fact is the asymptotic value at
the equilibrium structure of both isomers at the same energy in high v. However, the distribution of the computed Franck
both ground and excited state (see Figure 6); consequently, itcondon factors with, which is effectively Gaussian, is spread
could not be determined unambiguously which isomer gave rise gyer~35 transitions, with the maximum at= 46. By contrast,
to the observed spectrum. the observed torsional progressions consist®6 peaks with

The present calculations again place the relative energy ofthe maximum atv = 18. The obvious explanation for the
the cis and trans isomers in the ground state at almost identicalapparent discrepancy is that it is the consequence of the
energies (see Figure 6). The barrier for interconversion betweencomputations having overestimated the difference between the
cis- and translike isomers is about 600 ¢nthrough 90. equilibrium torsional angles of the excited and ground states.
Therefore the barrier is sufficiently low, so that both conforma- The computed and experimentally derived values areadl
tions would exist in almost equal abundance in the room 32°, respectively. A series of test calculations using harmonic
temperature vapor. As the vapor cools in a supersonic expansionpotentials have confirmed that such a change in geometries does

Comparison with Experiment. The electronic spectra of all
three BN isomers have been measured experimentally under
variety of conditions, including solution, cryogenic matrix, and
gas phase in supersonic jét! The presence of two isomers,
several low-lying electronic states and very low-frequency
vibrations complicated the interpretation of the experiments.
Comparison of the results of this work should help to clarify
some of the questions that arose and indeed was one of th
motivating factors for carrying out this study. Each BN isomer
has its own characteristic set of unresolved issues and so eac
isomer will be discussed in turn.

2,2-binaphthyl. The gas-phase spectrum of jet-cooled' 2,2
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TABLE 6: Calculated and Observed Low-Frequency Vibrations in the Excited!L, States of All Three BN Isomers

molecule, symmetry calcd freq/ crh symmetry description exptl freq, cn1?
2,2-BN (cis),'B (Cy) 11 a torsion 31
39 b 0.p. sym bend (butterfly) not obsd
95 a 0.p. asym benll © 131
105 a i.p. sym ben 140
199 b naphthalene ring twist not obsd
205 a naphthalene ring twist not obsd
218 b i.p. asym bend not obsd
267 a C-C stretch 200
1,2-BN (cis),A (Cy) 48 a 0.p. bend (butterfly) 35.1
57 a torsion + scissorg © 53.5
72 a scissorg- torsion 60.6
146 a 0.p. bend (butterfly)- naphthalene twist 138.1
192 a naphthalene ring deformation not obsd
193 a naphthalene ring twist not obsd
1,1-BN (trans),'B (Cy) 51 a 0.p. bend (butterfly) 30
71 b i.p. sym bend (scissors)
72 a torsion
166 a naphthalene ring twist
184 b naphthalene ring twist
194 a naphthalene butterfly

@ The mode description refers to motion of the two naphthalene moieties with respect to each other unless indicateni{@pplane, i.p=
in plane).? Highly anharmonic® These two modes are strongly mixed with respect to their descriptions.

give rise to a shift and broadening of the Franr€kondon However, we believe the 200-crthvibration is more likely to
envelope that have been noted above. It is also possible thate the other dimer mode, the bridging-C stretching mode,

the assignment of the observed peaks, determined on the basiwith a calculated frequency of 267 ch The bridging C-C

of one-dimensional harmonic Franelcondon analyses, is not  bond length changes considerably upon electronic excitation
entirely correct either. Reassignment to a range of higher (Table 4) and therefore should be associated with reasonable
v-values would obviously reduce the discrepancy between Franck-Condon intensity. The monomeric naphthalene frame-

theory and experiment. works themselves, however, change little upon electronic
As noted already, in contrast with the planar equilibrium excitation. Therefore we expect the naphthalene twisting vibra-
geometries that had been computed for thgstate of 2,2 tion, although of the right frequency, to be relatively inactive

BN, the equilibrium torsional angles in tH&, states are very  in the spectrum. Table 6 summarizes the correlation between
much closer to those in the ground state. The planar geometrieghe calculated and observed vibrational modes and our proposed
in the latter states correspond to torsional barriers, which in assignments.
cis-2,2-BN were computed to be approximately 900 and 400  1,2-Binaphthyl In our previous work the electronic spectrum
cm1, respectively. TheS — & transitions would therefore  of 1,2-BN was likewise attributed to activity in only one of
occur between two double-well potentials, and the vibrational the conformers and again assigned &s(*B, L) — .
fine structure would reflect the characteristic pattern of torsional According to our calculations, the ground state of -BRl has
eigenvalues in th&(Lp) state. On the basis of our calculated a very low barrier to interconversietfrom trans to cis it is
torsional energies and Franekondon factors, we would expect  only 60 cnt?, while from cis to trans it is 160 cri (see Figure
to observe transitions in the range~ 10 tov ~ 41. These 5). The barriers are sufficiently low that rapid interconversion
initially correspond to doubly degenerate eigenvalues lying both ways should occur in the room temperature vapor, but with
below~350 cnt! with a spacing of~40 cnt?, levels split by the population in the cis conformer favored. As the temperature
0.3, 2, 8, and 16 cri due to tunneling and levels above the is lowered in the free jet expansion the cis conformer should
barrier with spacings of 2024 cnt. The observed progressions become increasingly favored until at experimental temperatures
do not display any of these characteristics and were originally of 5—10 K there should be a dominant population in the cis
assigned in terms of single-minimum potentials for both ground conformer. Our calculations support the conclusion that only
and excited states, which is consistent with the single-minimum the cis conformer contributes to the spectrum under free jet
1L, state and the double-minimum ground state with a doubly conditions, as discussed above.
degenerate zero point state. The same sort of analysis would We also apply similar arguments as for'2BN because the
apply totrans-2,2-BN as well. spectrum arises from tHg (!B, 1Ly — S transition rather than
Most of the low-frequency vibrations in 2;BN can be S — S. The oscillator strength is again strong for g but
described predominantly as motion of the two naphthalene not the L, transition. Also, as shown below, the torsional
moieties with respect to each other (which we call the dimer progression is much better modeled b$sa— S progression
modes). The six dimer modes are all reported in Table 6. thanS — .
Interspersed among these are two low-frequency vibrations The spectrum showed significant FrargRondon activity
(twists) of the naphthalene monomers themselves. F{B) in two vibrational modes with frequencies of 35.1 and 53.5
— S(*A) spectrum is dipole allowed in the, point group and cm~1, which were assigned previously as the torsion and dimer
vibrations ofa symmetry can form progressions. The two lowest butterfly mode, respectively. Our calculations suggest that these
frequencya vibrations after the torsion are both dimer modes assignments are actually reversed; the butterfly motion is the
and correlate reasonably well with the two experimental lower frequency vibration. Assignments of the other low-
frequencies. The next lowest experimental frequency is 200 frequency vibrations are found in Table 6. As'iBN is of
cm™L, It is tempting to assign this vibration to tllesymmetry lower symmetry than the other two isomers, all vibrations are
naphthalene ring twist with a calculated frequency of 205tm  of a symmetry and hence can form progressions. A total of four
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low-frequency vibrations were identified in the experimental in fact naphthalene dimer “flapping” modes with frequencies
data and these all correlate well with the four lowest computed of 50 and 71 cm® (see Table 6). If the molecule was planar,
frequencies (all dimer modes). these modes would be labeled out-of-plane “butterfly” and in-
Unlike for 2,2-BN, analysis of the two lowest frequency Plane “scissors”. In the almost orthogonal geometry of-1,1
progressions revealed very harmonic vibrational levels up to BN they are, however, better described as flapping modes with
10 quanta of the butterfly and 5 quanta of the torsion. A different phase combinations, although we retain the planar
harmonic potential fit to the experimental data is shown overlaid homenclature in Table 6 for comparison with the other isomers.
over the ab initio (CIS) potential in Figure 5, showing good The calculated frequency of the torsion is 727¢mit seems
agreement between the two (supporting the assignmet as reasonable, therefore, to suggest that the observed progression
— S as intimated above). The same harmonic fit, but with the is in the “flapping” dimer vibration rather than torsion, as was
torsion assigned as the lowest frequency mode, as in theobserved in 1,2BN. The torsional mode might then be one of
experimental paper matches the CIS potential less well. As in the false origins previously assigned to the cis conformer in
the case of 2/2BN, the calculations appear to overestimate the the excited state.
difference between the equilibrium torsional angles in the excited
and ground states. The effect on Frar€ondon factors is Conclusions
effectively the same as for 2;BN. Finally, we note that the
observed strongly harmonic torsional progression implies a deep
torsional well, such as computed for tBgstate, for which the
torsional barrier is approximately 3 times that in tBestate.

The primary focus of this work has been the calculation and
characterization of thd_, electronic excited states of 1;11,2-,
and 2,2-binaphthyls, especially with regard to their equilibrium
) . geometries, low-frequency vibrations, and torsional potentials,

1,1-Binaphthyl The experiments on 1;BN reveal a spec- g a5 10 assist with the interpretation of the observed LIF spectra.
troscopy and interpretation that are quite different from those | the case of 1/2 and 2,2-BN, a high degree of consistency
of the other two isomerd? Four very short progressions were  panveen theory and experiment has been demonstrated, once
observe_d_inthe LIF spectrum_of jetjcooled'lBl\l near theS; the observed spectra were reassignedS#i,) — S. The
— $ origin. About 450 cm™* higher in energy, a much strong  heoretical study of théL, states has allowed the assignment
set of transitions with similar vibronic structure were identified. and, in some cases, reassignment of the observed low-frequency
The interpretation of the spectrum was that only one conforma- (4 gjonal and out-of-plane bends of the naphthyl moieties, in
tion of 1,1-BN exists in the ground state (assigned as cislike paticylar the identification of butterfly modes. With the help
in the paper). Absorption occurs to two different conformers ¢ ihe computed torsional potentials, the nature of the excited-
(cislike and translike) in the excited state. Additionally, it was  gtate equilibrium conformations associated with the observed
proposed that the excited state is split by the interaction of the gjecironic transitions was also established, viz., essentially cis
two identical naphthalene moieties, resulting in four spectra in ¢4, poth 1,2- and 2,2-BN. The results of the current calculations
the origin region. The higher lying intense features were 4r 1 17BN are at considerable variance, however, with the
assigned as being vibronically induced in the same manner asyreyajling interpretation of the spectral data. We recommend
the parent naphthalene. reexamination and reassignment of the experimental data.

The current ab initio and indeed the preViOUS Semlemp|r|cal On a more general |eve|’ we examined the importance of
calculations support the conclusion that only one conformer ;.delocalization in the ground and first excited states of the
exists in the ground State. HOWeVer, both calculations y|e|d very b|naphthy|s and b|pheny| (More detailed calculations on the
flat potentials with the trans geometry being very slightly more |atter system also helped to evaluate the validity of our
stable (see Figure 4), rather than the cis geometry, as assignedomputational methodology, viz., CIS and TD-DFT in conjunc-
previously. tion with HF and DFT(B3LYP) descriptions of the ground states

Other conclusions based on the observed spectra are difficultand utilizing the 3-21G basis set.) The results of our calculations,
to reconcile with the ab initio results. For example, the as well as the experimental spectroscopic data, are consistent
assignment of half of the observed progressions belonging towith the predictions of qualitative MO theory, such asckel
two stable conformers in the excited state are not borne out by theory, wherebyr-delocalization is significantly more important
the calculations, which strongly suggest that the excited statein the 1L, excited states (which are dominated by HOM®©
should only have a stable translike conformation with the cis LUMO excitations) than in the ground or tAk, excited states.
side of the potential being very flat. The ab initio CIS potential Therefore, all three binaphthyls adopt nonplanar twisted geom-
for 1,2-BN is in good agreement with the semiempirical one. etries in their ground an#Ly, excited states, while in theit_,
Although the presence of a small minimum for the cislike excited states they are either completely planar or considerably
conformer cannot be dismissed, our calculations suggest that itmore so than in the ground 8k, states. Similar conclusions
would be small and not likely to support enough bound states were reached for biphenyl too, which is computed to be planar
for a torsional progression. in its 1By, state but nonplanar in its ground as well as in'Bs

It is also difficult interpret the experimental torsional progres- and?!B; excited states.
sions in terms of the calculated ground- and excited-state On comparing our results with those from the earlier
potentials. The observed progressions are all very short, with semiempirical CS-INDO/CI work of Baraldi et &;2° we
only three-four members observed. The intensity distributions found a high level of consistency between the two studies.
suggest two similarly shaped wells essentially vertically above
each otherquite contrary to the results of our calculations, Acknowledgment. We gratefully acknowledge the Austra-
which produced a slightly skewed Gaussian envelope of lian Research Council and the University of Sydney for
Franck-Condon factors which includes-80 transitions with supporting this research. We also express our thanks to the
the most intense peak correspondingste= 30 in the excited Australian Partnership for Advanced Computing National Facil-
state. The solution to this discrepancy may lie in the interpreta- ity for access to the COMPAQ AlphaServer SC system. A.F.Z.
tion of the lowest frequency vibration as the torsional frequency. thanks the University of Sydney for providing a Ph.D. scholar-
Our calculations show that the two lowest frequency modes are ship.
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