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The electronic spectroscopy of jet-cooled’dhihaphthyl has been examined by laser-induced fluorescence
spectroscopy. Many medium length progressions were observed in two active vibrations with freque&ncies
= 35.1 cm!andvg' = 53.5 cm?t assigned as the torsion and out-of-plane wag between the two naphthalene
moieties, respectively. Two other low-frequency vibrations were measureéd: 60.6 cnmt andvp' = 138.1

cm™L. These are also likely to involve inter-ring motion, possibly an in-plane wagdand an antisymmetric
inter-ring motion forvp, although a low-frequency naphthalene ring vibration is also possible. The electronic
origin transition was not observed because of a very weak Fra@okdon factor with the ground state.
However, a FranckCondon analysis provided an estimate of the origin transitiocfyat= 30 828.2 cm™.
Progressions in both, and vg are harmonic up to 13 quanta fex and 5 quanta fowg. Therefore, the
barrier for interconversion between the cis and trans conformers 'ebib@phthyl must be much higher than

the 500 cm? of harmonic vibrations measured here. A diffuse band, about 800 higher in energy, was
assigned to th&, — S transition. Previous semiempirical calculations predicted the electronic energy of the
S state and the magnitude of the naphthalene dimer splitting quite well. However, the calculations placed the
interconversion barrier through 9@ be as low as 300 cm. The Franck-Condon analysis also provided a
change in equilibrium conformation angle of °18pon electronic excitation, again in disagreement with
calculations, which predict essentially no change in equilibrium torsional angle betwe&,) eandS,
states.

. Introduction jet have been reported for both spedié%.2! Semiempirical

. ) calculations have also been performed to elucidate the nature
The electronic spectroscopy and molecular structure of biaryl ot the |owest several excited electronic states and to calculate

molecules, which are two aromatic rings systems combined by ¢ torsional potential, including the equilibrium structure and
a single carbortcarbon bond, has been the subject of numerous i\« narriers between conforméfe2.23

investigations over several decade¥ The interest in such
studies has been largely focused on the torsional angle betweeqh
the two aromatic ring systems. The equilibrium torsional angle,
and the shape of the torsional potential is very sensitive to
several factors: steric interference between the aromatic moi-
eties, the electronic structure of either aromatic ring system,
and the environment. Therefore, in similar molecules the
conformation can be quite different. Even within the same
molecule the equilibrium structure can change markedly upon
electronic excitation or upon changing the environment. For
example, in the prototypical biaryl molecule, biphenyl, the
ground-state structure is planar in the solid state, whereas in
the gas phase, it has a twisted structure with an angle betweerg
the rings of 42. In the gas phase, the structure becomes planar
again in the lowest excited statg).>:2

Binaphthyl is the second simplest of the biaryl group of
molecules and has received some attention in the8gast 20
There are three isomers of binaphthyl: namely-11,2-, and
2,2-binaphthyl depending on the location of the-C' linkage
(see inset to Figure 1 for I;Binaphthyl structures). Among

A summary of previous results for biaryl molecules reveals
at there is a competition between the resonance interaction
between the arylr-systems, which favors a planar structure of
the rings, and the steric hindrance which promotes more
orthogonal structures. BNs provide an excellent example in this
regard. 1,£BN is the most sterically hindered of the BNs. The
equilibrium structure in botls and S, states places the two
naphthalene structures almost perpendicular to eachothEr?!
Its spectrum, both in solution and gas phase, therefore resembles
that of the naphthalene monon® On the other hand, 2,2
BN is the least hindered. The ring systems are only/ f8Om
lanar in the, state and completely planar in t&g state?0:23
here is a considerable stabilization energy in this conformation
and the spectrum is distinctively different from the parent
naphthalené&:20

The energy of th&;-S transition of 1,2BN in solution lies
between 1,1 and 2,2-BN.5>8 Semiempirical calculations agree
that the conformation angle of the ring systems in-BR is
intermediate between 1;BN and 2,2-BN (~55° from planar

N ! in bothS and S states)-?425However, the gas-phase spectrum
these, the symmetric compounds'3binaphthyl (1,1-BN) and of 1,2-BN has not been recorded, and hence, the competition

2,2-binaphthyl (2,2BN) have been studied in some detail. The between steric hindrance andresonance stabilization has not

solution spectrum and gas-phase spectrum in a supersonic fre%een examined experimentally to compare with these calcula-

tions, which are now more than a decade old. The semiempirical
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Figure 1. Low resolution LIF spectrum of 1;2BN showing the structure,—S; transition centered at 31200 cfrand the diffuse€s—S transition
at 32 000 cm.

set for the BN series and also to examine whether the An excimer pumped dye laser system (Lambda Physik Lextra-
conclusions from older semiempirical theory need to be updated200 excimer and LPD-3001e dye laser) was used in this
across the series of three BN isomers. experiment. The beam from the dye laser intersected the free
In this work, we report the laser-induced fluorescence jet expansion approximately 10 mm downstream from the
excitation spectrum of 1'2BN that has been cooled in a nozzle. Two laser dyes were required to scan thé-BIN\
supersonic free jet expansion. Assignment of the vibrational spectrum. C-540A in ethanol provided light in the range-280
structure leads to an estimate of the change in conformational303 nm and DCM in methanol produced light in the range-302
angle upon electronic excitation and provides experimental 335 nm, both after doubling in a KDP crystal. Fluorescence
information on the potential energy surface for twisting about from 1,2-BN molecules was collected with a photomultiplier
the central C-C' bond. This information will provide a stringent  (EMI 9789QB) via a monochromator (Spex Minimate). The

test for existing theory. fluorescence signal was averaged by a SRS-250 gated integrator
_ . and boxcar averager and interfaced to a personal computer. Laser
Il. Experimental Section power was monitored with a photodiode and dye cuvette for

In most regards, these experiments were performed in theormalization of the spectrum.

same way as our previous experiments or+Bi@aphthyl2° Our
description here is therefore brief. X1BN was supplied by
Kodak and used as received. The sample was encased in a A low resolution laser-induced fluorescence (LIF) spectrum
stainless steel in-line sintered filter holder (Nupro), which was of 1,2-BN in the range 30 800 to 32 650 cris presented in
mounted directly behind a General Valve Series 9 pulsed nozzleFigure 1. This spectrum is a combination of several scans
with a 0.5 mm orifice. The sample holder was heated to-100 because of the necessity to change dye and recalibrate the
110°C using Nichrome wire to achieve sufficient sample vapor doubling crystal over this range. Two main features are evident
pressure in the expansion. The nozzle was heated te 120 in the spectrum. First, at lower energy is a region that includes
°C also using Nichrome wire in a MACOR heating sleeve to several long progressions, which will be described in detail
inhibit condensation of 1;2BN molecules in the orifice. The  below. The second feature, toward higher energy, is a region
temperatures of both the sample holder and the pulsed nozzleof fluorescence with little structure. The peak of this broad band
were monitored by 10@ platinum resistance thermometers. is at 32 000 cm?, approximately 800 cm higher in energy
Helium carrier gas was passed through the sample at pressurethan the sharply structured region. Further high- resolution scans
varying between 1 and 6 atm, although typically at 3 atm. The were performed in the broad region but failed to find any
nozzle was pulsed at a repetition rate of 10 Hz, and the whole meaningful structure.
system was synchronized with the laser by a Stanford DG-535 Figure 2 shows a higher resolution LIF spectrum of the low
digital delay generator. The vacuum chamber was kept at aenergy region (first 500 cm). A regular structure is very
stagnation pressure of below ¥Ombar, rising to 2x 1074 pronounced. Most of the structure in the spectrum can be
mbar with the nozzle pulsing. This pressure was maintained by assigned as progressions in two vibrations, one with a frequency
a water baffled Varian VHS-6 diffusion pump backed with an of about 35 cm? (calledva) and the other with a frequency of
Alcatel 2033 rotary pump. about 53 cm?! (calledvg). Up to 13 quanta of, and 5 quanta

I1l. Results
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Figure 2. Higher resolution LIF spectrum of th§—$%, transition of 1,2BN.

TABLE 1: Deslandres Table Showing the Observed Transitions Involving the Two Progression Forming Modew, and vg?

ve=0 1 2 3 4 5
va=0  (30828.% 30988.6
(35.1)
1 31023.7
(35.4)
2 30951.1 (54.4) 310055 (53.6)  31059.1
(35.6) (35.3) (35.6)
3 30933.0  (53.7) 30986.7 (54.1) 310408 (53.9) 31094.7
(35.4) (35.9) (35.3) (35.2)
4 30968.4  (54.2) 310226 (53.5) 31076.1 (53.8) 31129.9 (53.7) 311836
(35.5) (34.9) (35.4) (34.8) (35.1)
5 31003.9  (53.6) 310575 (54.0) 311115 (53.2) 31164.7 (54.0) 312187
(35.3) (35.3) (34.6) (35.4) (34.7)
6 31039.2  (53.6) 310928 (53.3) 31146.1 (54.0) 31200.1 (53.3) 312534 (53.0) 31306.4
(35.2) (35.2) (35.3) (34.7) (34.8) (34.8)
7 310744  (53.6) 311280 (53.4) 311814 (53.4) 31234.8 (53.4) 312882 (53.0) 313412
(35.3) (34.9) (35.2) (34.8) (34.6) (34.7)
8 31109.7  (53.2) 311629 (53.7) 312166 (53.0) 31269.6 (53.2) 313228 31375.9
(34.9) (35.4) (34.7) (35.1) (34.3) (34.7)
9 311446  (53.7) 311983 (53.0) 312513 (53.4) 31304.7 (52.4) 31357.1 (53.5) 314106
(34.9) (34.8) (35.1) (34.2) (34.9) (34.4)
10 311795  (53.6) 312331 (53.3) 31286.4 (52.5) 31338.9 (53.1) 313920 (53.0) 314450
(35.1) (34.8) (34.4) (34.5)
11 31268.2 (53.0) 31321.2 31426.4 (53.1) 31479.5
(35.1) (35.9) (34.6) (34.3)
12 31303.3 (53.8) 31357.1 314610 (52.8) 315138
(34.9) (34.9) (35.0)
13 313382 (53.8) 313920 31496.0

aThe values in parentheses are the first differences in the frequencies of the vibrations either to each side, or above dtkbejmiated
from other transitions in the table.

of vg have been assigned. A Deslandres table for these two The assignment of quantum numbers/ip v, andvp was
Franck-Condon active modes is shown in Table 1. The first straightforward because the transitions with zero quanta in these
difference in the frequencies of neighboring progression mem- modes were FranekCondon active. For example, one progres-

bers are shown in parentheses. Both sets of first differencessjon in each of these modes is indicated in Figure 2. The peak
reveal that the vibrations A and B are essentially harmonic. The ity four symbols has the assignmerﬁ Ae., involving zero

av'eEagsesvlalue fcr%SS all ,?hpr%gressmns in Table _r;éprfv'desquanta in vibrational modes B, C, or D. The assignment in terms
va = 5o.1 €M7, whereas thé B progressions proviag = of these three modes is secure because there is no peak to the

53.5 cnTt. 6 . .
The remaining progressions in Figure 2 result from short red of A with a frequency spacing of 53.5, 60.6, or 138.1

progressions in two further modes, labelecandvp. Only one cmt. Assignment of theva quantum numbers was more
member of each of these progressions was observed, upon whictproblematic because the FrangRondon intensity for the
were built the ubiquitous progressions in and vg. These  transition is weak. In Figure 2 one progressionvinis shown
assignments and frequencies are summarized in Table 2, whickas the solid square symbols. The first peak is fairly weak and
providevc' = 60.6 cnt! andvp' = 138.1 cnTl. it is reasonable to ask whether a peak 35 tto the red of
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TABLE 2: Observed Transitions Involving vc and vp?

A5 Co A5 B3 Co A5 B3 Co A5 B3 C A Do A5 B3 D A5 B3 D A5 B3 D
n=20

1 30977.3

2 31012.5

3 30994.1 31048.1 31179.4

4 31029.5 31083.3 31137.1 31190.7 31106.5 31160.6 31215.0

5 31064.7 31188.8 31172.2 31226.0 31141.6 31195.9 31249.7

6 31100.0 31153.6 31207.4 31260.8 31177.0 31230.9 31284.7

7 31135.2 31188.8 31242.1 31295.8 31212.5 31266.1 31319.6 31373.2

8 31170.2 31223.8 31277.0 31330.0 31247.6 31301.3 31354.3 31408.2

9 31205.4 31258.6 31311.9 31364.9 31282.5 31335.9 31389.5 31442.8
10 31240.4 31293.5 31346.5 31399.5 31317.8 31371.3 31424.3 31477.5
11 31275.2 31328.2 31381.2 31434.0 31352.8 31406.3 31459.0 31512.0
12 31363.0 31415.7 31468.8 31440.9 31494.0
13 31450.2 31504.3

aEach of these modes forms a false origin for numerous progressionsand vg,

AB, n=2 _ 3 4 5 8 7 because their intensity distribution is quite different from the
A n=3 | 4 5 6 7 8 9 cold transitions, and they disappeared when the He pressure
’ was increased. The progressions are assigneq,aéﬁl‘,Bl, and

AJ. Two of the progressions are assigned as arising from
population in the energy level with one quantunwaf'. AQ“

is shifted about+4.5 cnT! from the corresponding cold
progression, A and A"* Bj is likewise shifted about-4.5

cm1 from A Bg. The third progression, &2, is displaced a

He - h MWW ww MLJUJJ further ~4.5 cnt? from A]™. The sequence spacing fog

3 atm Wil \ (va" — va" ~ 4.5 cnm?) and the excited-state frequenay,’,
therefore provides an estimate of" = 30.5 cntl. This is
consistent with the trend among biaryl molecules (including
biphenyl}2 1,1-BN®22and 2,2-BN2°23 to favor more planar

A, n=4 5 6 conformations in the excited state than in the ground state. The
closer the conformation is to planar, the greater is the double
bond character in the-©C' bond, which in turn provides a larger
force constant for the inter-ring motion. Thus, the excited-state
vibrational frequency is often greater than that of the ground
He: state.

1 atm B. Franck—Condon Analysis ofva and vg. As discussed
above, the progression marked by solid squares in Figure 2
involves purelyva. The intensity distribution of the members
in this progression varies smoothly and symmetrically each side
Figure 3. LIF spectra of 1,2BN under cold (He: 3 atm) and warm  of a maximum, which occurs near 31 100 ©mThe relative

(He: 1 atm) jet conditions to accentuate the assignment of hot band intensity of all labeled peaks in Figure 2 was the same for a
features. variety of He pressures, hence they are all believed to be cold

this first assigned peak would be observed above the noise. Tobands. _
be more certain in our assignmentigf quantum numbers we Th_e Desla_ndr_es tgble demon_strates th_at the po;entlal energy
performed a FranckCondon (FC) analysis of this vibration. function of thls V|brat_|onal mode in the excited state is har.monlc.
We also remeasured the LIF spectrum under warmer jet On the basis of this, we have performed a harmonic one-
conditions to try and observe hot band activity that might lead dimensional FranckCondon analysis to assist in locating the
to assignment of the ground-state frequengy, which is e_lectr_omc origin in the spectrum of 1-,BI\_I. This analys_,ls treats
valuable for the FC analysis (see below). vibrations in both the ground and excited electronic states as
A. Hot Bands. In a supersonic jet, the degree of vibrational harmonic. Though we do not have sufficient information
and rotational cooling depends on the carrier gas backing "€9arding the ground electronic state, all the progressions
pressure. A higher backing pressure reduces the mole fractioninvolved originate in" = 0, therefore anharmonic effects are
of sample and increases the collision frequency, both of which Nt likely to be important.
contribute to a lower final temperature. Thus, by lowering the A recursion relation (derived from the harmonic oscillator
backing pressure, we seek peaks that were absent in the coldefecursion relations) involving two parameters is used to calculate
spectrum, and hence would be assigned as hot bands. the FC overlap integral for each transition in the progres&ion.
Figure 3 shows a region of the ;BN LIF spectrum under The first parameterD, is related to the change in normal
two different backing pressure conditions. The upper panel coordinate between the ground and excited electronic states.
shows the spectrum taken with relatively high He pressure (3 The second parameted, is related to ground and excited
atm). Here we focus on they andvg energy levels. The two  torsional frequencies by = (v"Iv")*2, which in our case, is
cold progressions are thelAand Al B} progressions. In low  (30.5/35§2 = 0.934.
He backing pressure~1 atm), three new short progressions The upper panel of Figure 4 shows the intensity distribution
were found. These progressions are assigned as hot bandéor the origin progression. To model the experimental intensity
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v, TABLE 3: Spectroscopic and Structural Parameters of
A
1,2-BN
spectroscopic value
| constant  (cm!unless stated) assignment
10 - S state va' 35.1 torsion
' vg' 53.5 butterfly
i (out of plane)
- e 60.6 wag
I (in plane)
vp' 138.1 asymmetric inter-ring
i mode or naphthalene
_ 05 ring mode
o L S state 7 30.5 torsion
s | vg" (48p butterfly
- (out of plane)
= - S-S Too 30828.2 electronic origin
5 i transition
Z00 AO 18° change in torsional
© angle
= i S-S AE 800 dimer splitting
§ 10 _ aestimated from FranckCondon analysis
- 10 in these tables, inasmuch as no peak is assigned a negative value
A DB; : : . .
- FC fit . of va. For example, if the FC analysis had provided a numbering
- 1 of Ag for the first peak of the origin progression, then all
- . transitions in Table 1 would have thei labels reduced by
05+ o - one from those actually listed in the table. The transition
i 1 assigned as MB] would then have had an assignment of
i 1 A, ' B3, which is of course nonsense. The FC analysis is not
r a ] definitive; an assignment where all quantavgfare shifted by
[ . . . | | L] +1in Tables 1 and 2 would work, however, the resultant fit to
0.0 e . . . :

the experimental intensities would be somewhat poorer. As-
suming the FC analysis has provided the correct labeling for
Vg va is it straightforward to extrapolate back to the origin transition

Figure 4. Intensity distributions of the andvs progressions. Aone-  [rom any of the transitions in Table 1 (assuming harmonic
dimensional FranckCondon fit with parameters in the text is shown frequencies). This extrapolation provides = 30 828.24 0.9
as a solid line through each set of data. cm1, averaged over the 60 observed transitions involving only
VA and VB.

The intensity of the members of thg progression was also
fitted to a harmonic, one-dimensional Frarg®ondon model.

T R | T T T T T T T T T T

> §~§\E\ —a—n, In this case the numbering is secure, however now there is no
§\§ o 1 information onvg". 6 was constrained to lie between 0.9 and
8 1.1, that is allowing a maximum frequency difference between
52 |- . the two electronic states of 20%.was unconstrained. The data

for each of the three different progressions shown in the lower
r half of Figure 4 are actually the average over all members of
the va progressions. For example, theg By progression

A\
ALY

A1
)

Energy spacing (cm™)

36 | . shown in Figure 2 contributes to the solid squares in Figure 4.
/-/I\E\ However, there are up to 12 other values9f that also

L = E'E\E\E\E\E_E/ - contribute to each solid square data point. The best FC fit is
2 —l also shown in the figure, which requirddl = 1.95 ando =

0.95. The fit was not particularly sensitive forbetween 0.90
T T T and 1.00, however, the various valuesdoflid not affectD
0 2 4 6 8 10 12 14 much, always producing 1.9 D < 2.0. A value ofd = 0.95

v would require the ground-state frequeney, = 48 cnTl, to
Figure 5. Average energy difference between adjacent members of be smaller than in the excited state, likg. By the same
theva andvg progressions as a function of andvg. Points are plotted argument as above fara, this is reasonable, for ifg is an
at the half-integer value af between the adjacent members. The error inter-ring mode, which is almost assured for such a low
bars are one standard deviation. frequency, then the increased double bond character inthe C
distribution 6 was kept fixed at 0.934, whil® remained C' bond upon electronic excitation would probably increase the
unconstrained. Overlaid in Figure 5 is the resultant best FC fit frequency of all inter-ring vibrations.
(having the least sum of squares deviation) to the observed A summary of the observed vibrational frequencies and
intensities. The parameters that produced this fit Were0.934  tentative assignments can be found in Table 3.
andD = 4.0. The numbering that this analysis produced is the i .
one used in Tables 1 and 2, with the first definite cold band V- Discussion
assignment being theg’;dtransition, and the maximum occur- In this work, the LIF excitation spectrum of jet-cooled 3,2
ring for Ag. The FC analysis is consistent with the assignments BN has been measured. The spectrum is dominated by many
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medium length progressions in two active vibrations, labeled
va andvg with harmonic vibrational structure spaced 35.1 and
53.5 cn1?, respectively. Two more low-frequency vibrations
exhibit short progressionsvc = 60.6 cnT! andvp = 138.1
cm™L. A Franck-Condon analysis allowed the electronic origin
transition to be estimated to Agy = 30 828.2 cm™.

The conformation of the naphthalene moieties in binaphthyls
is very sensitive to the subtle competition betwaeronjugation
and steric forces. The most recent theoretical modeling of BN

structure (both electronic and nuclear) was published over a
decade ago using semiempirical methods. One of the primary

goals of this work was to explore whether this level of theory

captured the essence of this competition or whether our

understanding of the binaphthyl systems would benefit from a
more detailed theoretical study. One of the key indicators of
the competition betweemn-conjugation and steric forces is the

dihedral angle between the naphthalene systems. Below, we
estimate this change in dihedral angle. Then, we compare the

experimental results with previous theory and with the other
isomers of binaphthyl.

A. Torsional Potential and Franck—Condon Analysis.The
lowest frequency vibrational mode found in tBe<— & LIF
spectrum wasvy’ = 35.1 cntl. This vibration has been
tentatively assigned as the torsional vibration by analogy with
many other biaryl systems in which the lowest frequency is the
torsion (for example biphenyl, ;BN and 2,2-BN).121920The
progression irva is quite long, which indicates a substantial
change in equilibrium dihedral angle upon electronic excitation.
Figure 5 demonstrates that the frequency spacing betwgen

Zhang et al.
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Figure 6. Representation of the potential energy functionSgfS,
and$; electronic states for rotation about the-C' bond. Semiempirical
points are from Baralét and fitted with a spline. The region around

energy levels remains constant at a value of approximately 35the equiliorium geometry of the cis-like conformer in tBestate is

cmt over the range, = 0 to 13. Thus, the torsional potential
energy function must be fairly harmonic for at least the first
500 cntl. Eventually, of course the potential energy function

must reach a maximum which represents the barrier to isomer-

ization between the cis and trans forms of ‘BN (see inset,

expanded in the central region and shown in comparison with the
harmonic potential derived from these experiments.

electronic excitation. Alternatively, the parameterin the
Franck-Condon analysis is related to the change in normal

Figure 1). Because in Figure 5 there is no evidence of any coordinate between the ground and excited electronic states.

change in spacing between levels at highgr the barrier must
be much higher than the 500 ci(13 quanta) of the torsional
potential observed in this work.

The FC fit to the experimental data providBd= 4.0, which
corresponds approximately19° in the change of torsional
angle. These two numbers are in good agreement.

We therefore use a simple harmonic potential to describe the B. Comparison with Theory. The theoretical calculations

torsion with

V(6) =1, k(56)’ 1)
whered# is the change in dihedral angle from the equilibrium
position andk the force constant for torsion about the central
C—C' bond. The force constant is related to the vibrational
frequency through the moment of inertia about the@ bond

by

k= (2cw)? | 2)
where the reduced momentum of inerti== 158 amuA2 for
1,2-BN (using the geometry of naphthaléfeandw = 30.5
or 35.1 cn1! for the § and S, states of 1,2BN, respectively.
Thus, k" = 4350 cntirad2 andk’ = 5800 cnTlrad2

of Baraldi for the three lowest lying electronic states of'1,2
BN are shown schematically in Figure6The S, — & transition
is calculated to be about 33 300 chilhe two lowest excited
states,S; and S, are quite close in energy, lying onk500
cmtapart. In both these excited states, the electronic excitation
is somewhat localized on each naphthalene moiety and the
overall molecular orbital can be described as a symmetric and
antisymmetric combination of these basis states {thestate
of each naphthalene). Additionally, the calculations show that
the equilibrium geometry of the two rotamers (cis-like and trans-
like) lie very close in energy and angle; both being—&®°
from the planar geometries and less than 100%cdifferent in
energy in all three state§{, S, andS).

Experimentally, we have observed a series of progressions
in two active vibrations with frequencies of 35.1 and 53.5¢m
as well as two other sets of progressions based on vibrations

The change in dihedral angle that occurs upon electronic with frequencies of 60.6 and 138.1 ctnThe electronic origin

excitation may also be estimated from the torsional potential
and the FranckCondon analysis. The transition with maximum
intensity in the progressions occurs aﬁ Ahe amplitude of
vibration forva' = 8 is approximatelyt18° derived from the
calculated potential function. A simple interpretation of the
Franck-Condon principle would then place this angle “verti-
cally above” the ground-state equilibrium geometry, in other
words that the change in equilibrium dihedral angle i$ d8on

was estimated to be 30328.2 thnin quite respectable
agreement with theory. However, it is reasonable to question
at this stage whether the transitions in the spectrum should be
attributed to one or both rotamers, and perhaps to either or both
of the dimer states; andS,. The Deslandres table of Table 1
shows remarkably constant energy level spacings involing
and vg. The spacings are the same throughout the table to
experimental spectroscopic accuracy and it would seem unlikely
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that two different conformers, or two different electronic states planar in each rotamer, and the electronic energy is intermediate
would yield frequencies the same to withirl cnm 1. The same  between 1,4BN and 2,2-BN.2425

argument applies toc andvp as each of these appears with Although the electronic character of 2N is intermediate

the same set afy andvg progressions, thereby connecting each between the two symmetric counterparts, the spectroscopy is
of these vibrations to the same electronic state and samequite different. 1,2BN is of course a lower symmetry species
conformer aa andvg. than the other two. This results in a more complex spectrum

The semiempirical calculations provide an explanation. The that includes more active progressions.-BN and 2,2-BN
S—% transition energies for both the cis-like and trans-like show Significant FC aCtiVity in Only one Vibration, the torsion.
rotamers are less than 100 chndifferent. However, the  The spectrum of 1;2BN, on the other hand, exhibits strong
oscillator strength for the cis-like molecule is aboutfstimes activity in two very low-frequency modes. We have assigned
larger than for the trans. Additionally, tt& — S transition the torsion to the lowest frequency mode and an out-of-plane
energy is slightly lower for the cis rotamer. For these reasons, Wag to the second lowest frequency; however, this assignment
we propose thaall assigned peaks in the spectrum belong to iS somewhat arbitrary and based more on historical and intuitive
the cis rotamer, and that all belong to tBe— S transition. grounds. The reason that we are expressing this caveat here is

The spectrum in Figure 1 shows another broad peak displacedthat’ unlike in th'e symmetric binaphthyls, a local mOde tor_sion
about 800 cm! higher than the center of th® — S band. around the &C' bond cannot be a normal mode of vibration

The S — S transition energy is calculated to li€500 cn for 1,2-BN. Simple examination of the molecule in the inset
higher in energy for both cis and trans isomers. The calculated F!?uretld_sh?ws thattro;zitrllon ab:)ut t][ns bond V\glltrlleadf to
oscillator strength for this transition in both conformers-&/3 sr:gnl Ican |sp_acemenbok_ e _celrI] er-o -rln?jss, an fere or;e,
that of theS;, — S in the cis conformer. It is therefore reasonable € torsion motion may be kinetically coupled to some form o

that this broad transition is assigned to Be-S transition in out-of-plane wag to keep the center-of-mass fixed. This will
one or both conformers. have the effect of confusing the comparison between theory

. . and experiment as the theory is plotting the energetics of a local
There are two other points of comparison between the P yisp 9 g

i i . S mode displacement (about the—C' bond), whereas the
experimental data and the previous calculations; the vibrational experiment is measuring a normal mode displacement, which
frequency_of the torsion, and the c'hang_e_ In dlhedra_l aqgle. The conceivably might contain significant contributions from several
inset to Figure 6 shows the semiempirical potential in com- local modes
parison with the experimentally derived harmonic torsional In summa.ry there are aspects of the spectroscopy 6f 1,2
potenti_al. They are cIe_arIy qua!itative_ly d‘ffefe“t_- The theoretical BN and indeeczl all three BNs that are quite well understood,in
Eotennal T\as a low-lying dbarrler to |somer|zat|_o? tz&glfgrggo terms of both the prevailing semiempirical theory of binaphthy!

etween the rotamers and a very steep potential towar being a weakly coupled naphthalene dimer. The theory seems
observed experimental energy levels already exceed the calcu-

lated barrier heiah d furth h ladd .~ to work best for 1,£BN, where the naphthalenes are in an
ated barrier height, and furthermore the energy ladder remains g perpendicular configuration, and hence, the coupling
quite harmonic through this region, suggesting that the barrier

AT . ; between them is weak. The agreement between theory and
is quite a lot higher. Figure 6 also demonstrates the small change

S g . ~J%experiment is poorer for 1':BN and 2,2-BN, where the
in dihedral angle<{5°) that is predicted to occur upon electronic b P

itation. Th - | oh in dihedral I (b dnaphthalenes are more planar; especially foFB2, where the
excnatlo_n. € expgnmen_ta change in dihedral angle (base theory predicts a dihedral angle of <3h the excited state,
onwva being the torsional vibration) is closer to°18hese two

. o : S whereas the experiment confirms the molecule is planar. Perhaps
observations indicate that although the semiempirical calcula-

. h dicted the el X bl the largest discrepancy, however, is the form of the torsional
tions appear to have predicte t'e eectronlcienergy reasonat ypotential. The semiempirical excited state potentials seem to
they have not performed well in representing the electronic

. . be qualitatively different to that suggested by the experimental

energy as a function of dihedral angle. data; the equilibrium geometry is different and the barrier height

C. Comparison with other Binaphthyls. 1,2-BN has for change in conformation from one conformer to the other is
received much less attention than its cousin&-BN and 2,2- far too low in 1,2-BN.
BN. Itis obviously of lower symmetry, which makes calculation  To answer the above questions we are undertaking ab initio
and spectroscopy more difficult, and its characteristics are calculations of the electronic and nuclear configurations of all
believed to lie between 1I:BN and 2,2-BN in most regards.  three BN isomers, in both the ground and first excited electronic
The energy of thé& electronic state lies between that for'd,1  states. For the present BN work, we seek to confirm whether
BN and 2,2-BN.>?*1,1-BN has a much more perpendicular  the lowest frequency vibration is indeed the torsion, whether
dihedral geometry; the naphthalene rings are at almdstr0  there is any other reason that we could observe a spectrum
the § state with a single minimum and displaced a few degrees attributable to only one conformer, and whether the ab initio
from perpendicular in the5, state (with a double minimum  torsjonal potential fits the experimental energy levels better. In

potential)*>*?As a consequence, the progression in the torsional doing so, we hope to gain a better understanding-obnjuga-
mode is quite short and quite different for the cis-like and trans- tjon effects in this prototypical biaryl system.

like conformations? In the perpendicular configuration, the
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