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The Electronic Spectroscopy of 2,2Binaphthyl in Solution, Cryogenic Matrix and
Supersonic Jet

I. Introduction
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The electronic spectroscopy of 2f@naphthyl near 330 nm has been investigated by absorption spectroscopy

in room-temperature solution and Shpolskii matrixdaK and by fluorescence excitation spectroscopy in a
supersonic free-jet expansion. In the solution and gas phase, where the molecules are free to form the minimum-
energy conformation, the spectra are quite different from those bbinaphthyl and the parent naphthalene.
However, when frozen in a matrix, aspects of the electronic spectrum resembled features of the spectra of
these molecules. The fluorescence excitation spectrum in the free jet showed several long progressions in the
torsional vibration with a characteristic, but anharmonic, frequency of about 30. the spectrum was
assigned as the'® < 1'A transition with an origin transition, which, although it could not be observed, was
estimated to be at 30 060 30 cntt. The frequency of 29 members of this progression allowed an accurate
torsional potential to be calculated, which was flattened at low energy and approached harmonic at higher
energy. The change in equilibrium torsional angle was estimated to bep@ electronic excitation, with

the excited state being planar (either cis or trans). Several low-frequency vibrations were assigned in the gas
phase that probably involve motions of the naphthalene structures as a whole about the ce@tizirl.

In the matrix, the torsional vibrations were frozen out, which allowed for the observation and tentative
assignment of several higher-frequency vibrations resembling those of the bare naphthalene. The origin
frequency was measured at 28 460 énThe difference between the gas-phase and solid-phase frequencies
was attributed to the constrained structure of the molecule in the matrix.

TABLE 1: Chemical Structures and Abbreviations of the
Molecules Referred to in This Paper

The spectroscopy and dynamics of bichromophoric molecules Voieoule Stuctre
have been the subject of a great deal of research over several (abbreviation)
decades (see, for example, refs3). The interest in these Naphthalene
molecules and the motivation for such work stem from the desire
to understand how two chromophores, located on a single | @@
molecule, interact. In some situations, these chromophores are :;Lf’é’;f‘)pmhy' @@
strongly interacting. Yet in similar molecules or isomers, and
even in the same molecule in different electronic states, they @@ @@
act independently. In some systems, the formation of a complex
(e.g., a sandwich structure) is promoted when one or both of cis conformer trans conformer
the chromophore moieties is electronically excited. 2.2'-binaphthyl @ @ @@

Biaryl species, where the chromophores are single and fused| (22-BN) @ @ @@
aromatic rings, have been used extensively for these investiga- cis conformer rans conformer
tions. The prototypical biaryl molecule is biphenyl, which has
been the subject of numerous spectroscopic investigations. | 1,2-binaphthyl @@ @@ @
These studies reveal that the molecule is planar in the solid | (12BN @ @
state. In the gas phase, the rings are twisted by sonig 42 @
however, upon electronic excitation, the molecule returns to near ooz transoid conformer

planarity.
Binaphthyl (BN) is the next simplest in this series of biaryl

Friedel et al. first studied the solution-phase UV electronic

molecules, and yet, it has received much less attention. Thereabsorption spectra of all three BN isomers in 194Bhese

are three isomers of BN, called -Jinaphthyl (1,1-BN), 1,2-
binaphthyl (1,2-BN) and 2,2-binaphthyl (see Table 1). The

spectra demonstrated a resemblance between the solution spectra
of the naphthalene monomer and'iBN, whereas the absorp-

spectroscopy of these biaryls may or may not resemble that oftion spectrum of 2,2BN was distinctly different (vide infra).
their individual naphthalene chromophores, depending on the These results have been interpreted in terms of a subtle
extent and type of interaction between the two ring systems. competition between resonance effects, which favor planarity,

and steric hindrance, which favors more orthogonal structures.

* Author to whom correspondence should be addressed. E-mail: s.kable@ 109€ther, these effects determine the conformations of the
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various isomers. The most relevant measure of conformation is
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the dihedral or torsional anglé, which is defined as the angle
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conformer and a trans-inclined conformer, in the ground state

between the two planes of the naphthalene moieties. Absorption(Table 1). Both the fluorescence and the absorption spectra were

in the UV—visible region of the electromagnetic spectrum is
due to az*<—x transition. As the extent off conjugation is
one factor in determining conformation, perturbation of this
conjugation by electronic excitation may have a large impact
on the structure of these molecules.

1,1-BN is the most sterically hindered of the BN'’s, with its
two naphthyl groups forced out-of-plane by steric repulsions
between thertho-hydrogens that would occur in either planar

conformation. When the naphthalene rings are perpendicular,

there can be minimal overlap between thesystems on the
two rings, so the naphthalenic nature of theystem on each
moiety is retained with only slight perturbations. As the
spectrum of 1,BN was found to resemble that of naphthalene,
Friedel et al. proposed that 1;BN has a dihedral angle close
to 90,

In the case of 2,2BN, the proximity of the hydrogens in the
planar conformation does little to offset the stabilization gained
through increased conjugation in a more planar form. Thus,
2,2-BN is expected to adopt a more planar conformation than
1,2-BN, resulting inz-electron delocalization across the whole
molecule. Increased-electronic communication between the
two rings will lead to departures from a naphthalene-like
spectrum.

The solution spectra of 1':BN and 2,2-BN are both red-
shifted relative to the spectrum of naphthalene. This phenom-

enon reflects the tendency of biaryls to assume a more planar

conformation in the excited electronic state than in the ground
state. Because Z2;BN is red-shifted to a much greater extent,

one would expect that its excited-state geometry would be closer

to planar than that of 1'-BN and also, perhaps, that 22BN
would undergo a greater change in conformation toward
planarity on excitation. The torsional vibration in biaryls is of
particular interest, as its measurement can yield information
about how the dihedral angle of the molecule changes with
electronic excitation.

Within the BN series, the spectroscopy of'1BN has been
investigated most extensively, by experimental studies in
solution, solid, low-temperature matrix, and supersonic expan-
sion and by theoretical studies!® The jet-cooled laser-induced
fluorescence (LIF) spectrum was interpreted in terms of a
weakly coupled naphthalene dinf&éThe spectrum displayed
a weak origin region near 31 840 cfnand an intense false-
origin region 437 cm! toward higher energy, which is
characteristic of naphthalene. The shift of onk280 cnt?
between the §-S, origin(s) of 1,1-BN and naphthalene
indicated that there is little interaction between the two
naphthalene rings. The torsional mode of-BN was identified
and measured to have a frequency 80 cntl. From a
Franck-Condon analysis, it was inferred that the excited-state
torsional potential exhibits a double minimum. Thus, in the
excited state, 1!4BN exists in two conformers: a cis-inclined
conformer and a trans-inclined conformer (Table 1). The single
minimum in the ground-state potential was assumed to be
slightly cis of 90. Upon excitation from the ground state, the
dihedral angle was calculated to undergo a changeld® to
the trans side or-6° to the cis side to produce the two
conformers. Semiempirical theoretical studies confirm these
basic feature&?

There are only a few spectroscopic studies of-BJ4. Biraldi
et al. have studied the fluorescence and absorption 6BhN2
in methanol solutiod” From the fluorescence studies, it was
established that 2:BN exists as two conformers, a cis-inclined

resolved into two components corresponding to the contributions
from each conformer. Other studies include a two-photon
electronic absorption of 2;:BN in solutior'® and a femtosecond
polarization study in solution that explored the intramolecular
transfer of electronic excitatio!.

The torsional potentials of many biaryls have been modeled
or calculated by various theoretical techniqéiés*16.20-231 7'

BN has been the subject of several of these studi¥s1® Most
recently, Biraldi et al. have calculated the torsional potential in
the ground and first four excited singlet states by a semiempirical
method (CS-INDO\CI). These potentials seem promising, as
they account for the majority of the observed spectroscopic
behavior of 1,1:BN in fluid and rigid solutions. However, this
study does not appear to account for the jet-cooled molecular
spectrum of 1,2BN. Contrary to the jet findings, Biraldi et al.
failed to find a significant cis minimum in the first excited
singlet state.

Biraldi et al. have also made CS-INDO\CI calculations of
the torsional potentials of Z;BN.1” The ground electronic state
(1'A) and the first four excited electronic state3421'B, 2'B,
and 3A) were determined to have double minima, again
predicting the existence of cis-like and trans-like conformers.
In the ground state, minima with similar energies occurrel at
~ 35° and 148. Excited-state potentials showed a move toward
more planar configurations. (Within each excited state, the
minima are separated in energy as well as in dihedral angle.)
In the third excited state {B), the cis conformation is markedly
more energetically stable than the trafsmaller and opposite
effect occurs in the fourth excited singlet stat®8 Potentials
for all states exhibit significant energy barriers to rotation
through 90. The torsional frequency of the ground state was
calculated to be~40 cntl, while in the excited states, the
torsional frequency varied from 30 to 40 ctin

In the present study, we continue the investigation of the
electronic spectroscopy of 2:BN by repeating the solution-
phase UV absorption spectroscopy of Friedel and recording the
UV absorption spectra of 2;BN in a Shpolskii matrix at 4
K24 and the vapor-phase laser-induced fluorescence spectrum
in a supersonic free-jet expansion.

II. Experimental Section

A. Solution Spectra.Absorption spectra of naphthalene,’'1,1
BN, and 2,2-BN dissolved in a variety of solvents were
collected at room temperature using a Cary 1E spectrophotom-
eter. The scan rate was typically 20 nm/min with a slit width
corresponding to 2.0-nm resolution. Solutions were prepared
by dissolving crystalline samples mheptane. These solutions
were placed in a quartz cell with a path length of either 1 or 5
cm. The sample concentration was prepared accurately and was
varied from approximately 1@ to 10 mol L~! in order to
capture all of the transitions in the ultraviolet/visible region.

B. Shpolskii Matrix Spectra. A Shpolskii matrix refers to a
sample of organic compound dissolved and frozen in-atkane
matrix2* Quasi-lines, which resolve vibrational structure, may
result in the electronic spectrum of such a matrix. However,
the appearance of these quasi-lines is dependent on the choice
of solvent and sample concentrati®At present, there appears
to be no way to predict which solvent or concentration will be
optimal. As a result, the amount of sample and the length of
then-alkane chain must be varied until an adequately resolved
spectrum is produced.

2,2-BN was supplied by Kodak-Eastman and subsequently
purified by recrystallization from A.R. benzene. The solvents,
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n-heptane and-pentane, were of spectroscopic purity. Both 150000 , . T
solvents were dried overnight with anhydrous calcium chloride
immediately before use. Solutions of binaphthyhialkane were
prepared and degassed by a free@emp-thaw technique. The 100000 -
solution was sealed under vacuum in a quartz cell with a path
length of approximately 1 mm.

Spectra were collected under two temperature conditions. For
both temperature conditions, the sample must be frozen quickly
to dissuade the-alkane matrix from rejecting the binaphthyl.
As slow freezing is required for the growth of a single crystal, ] ’ '
a single crystal was not formed, and thus, no polarization data —
are available. Sample concentrations varied from 2073 M
for n-heptane to x 1072 M for n-pentane in solutions. Several
concentrations were tried forheptane. However, it is difficult
to know the exact concentration of sample in thalkane
matrix. The matrix sometimes rejects the sample on freezing,
and it appears that the sample concentration varies throughout
the matrix. 0+

Spectra takentad K involve a nested pair of quartz dewars.
The outer dewar is filled with liquid nitrogen. The inner dewar 100000 - 2,2binaphthy! ]
is then filled with liquid helium. A small region under vacuum
separates the two dewars, and another evacuated region sur-
rounds the nitrogen dewar. The liquid nitrogen and vacuum 50000
regions collectively serve to protect the inner dewar from heat
exchange with the environment. The sample was frozen by
immersion into liquid helium and remained in liquid helium
while the spectra were taken. Spectra taken ridreptane
solutions utilized this method.

A flow-cell device was used to collect spectra at a temperature Wave number (cm)
of ~20 K. In t_his case, the sample cell is inse_rted ir_1to the quartz Figure 1. Solution spectra of naphthalene, thinaphthyl, and 22
flow cell, which sits above a dewar of liquid helium so that pinaphthyl.
vapor from the liquid helium can flow over the sample cell to
freeze it. The temperature is decreased, and the flow rate Helium carrier gas was passed through the sample at pressures
increased, by boiling the liquid helium off by passing a small varying between 0.5 and 7 atm, although typically at 3 atm.
current through a wire-wound resistance immersed in the liquid The seeded gas undergoes a supersonic expansion in the vacuum
helium. The outer compartment of the flow cell is again under chamber, via a 0.5-mm-diameter orifice in the pulsed nozzle.
vacuum. This method was used for tiipentane solid solutions.  The nozzle is pulsed open at a repetition rate of 10 or 20 Hz.

The sample was irradiated with light from a WOTAN XBO  The expansion chamber is kept at a background pressure of
150W/1 high-pressure xenon arc lamp. After passing through below 10°® mbar when the nozzle is not pulsing, maintained
the sample, the light was focused onto the slit of a Hilger Littrow by a baffled Varian VHS-6 diffusion pump backed with an
quartz spectrograph. The spectrograph dispersed the light, whichAlcatel 2033 mechanical pump.
was finally recorded photographically. The emission lines of ~ The beam from an excimer-pumped dye laser (Lambda Physik
an iron arc spectrum were used for wavelength calibration. After Lextra-200 excimer and LPD-3001E dye laser) was directed
development, the film image was converted to a spectral traceinto the vacuum chamber and made to intersect the jet 10 mm
using a Joyce-Loebl Mark 11IC microdensitometer. (X/D = 20) downstream from the nozzle. Two laser dyes were

C. Supersonic Free-Jet Spectra2,2-Binaphthyl was sup- requwed to scan the Z,—BN spectrum. PTP (Exciton) dissolved
plied by Karl Industries Inc. (stated purity, 98%) and used as " cyclohexane provided light in the range of 33846 nm,
received. The sample was encased in a Nupro sintered filterad PCM (Exciton) produced light in the range of 30832
holder, which was mounted directly behind a Precision Instru- nm after doubling in a KDP crygtal. Fluorescgnge from
ments pulsed nozzle. The sintered filter holder was heated toPinaphthyl molecules was collected with a photomulltiplier (EMI
about 100°C using Nichrome wire to ensure that enough BN 9789QB). The_fluorescence signal was averaged by a Stanford
was entrained in the expansion. The nozzle was heated to aboupR250 boxcar mt_egrator |_nterfaced to a personal computer. Laser
140°C using a heater sleeve supplied by Precision InstrumentsPOWer was monitored with a photodiode and dye cuvette for
to inhibit condensation of BN in the orifice. The temperature nermalization of all spectra.
of the sample holder was monitored using a T®@atinum- Fluorescence lifetimes were measured after theRNwas

resistance thermometer attached to the top surface of the sampl€XCited via several vibronic transitions. The delay between laser
holder. Because 14%C is close to the maximum rating of the excitation and fluorescence gollectlon was varied over consecu-
nozzle (15C°C), the temperature of the nozzle was monitored tV€ laser pulses by scanning the boxcar gate to obtain a
using both a copperconstantan thermocouple inserted inside fuorescence decay curve.

the heating sleeve and a 1@Dplatinum-resistance thermometer.
Power supplied to both the Nichrome heating element and the
heating sleeve was controlled independently by a homemade A. Solution Spectra. Figure 1 shows the spectra of naph-
heating unit. The resistance of the thermometers was alsothalene, 1,tbinaphthyl, and 2,2binaphthyl inn-pentane solu-
converted directly to temperature and displayed by the unit. tion. Each spectrum is a composite from at least three runs at
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B

50000

¢ (L mol

0 I . I , ] . L . -
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Ill. Results



Electronic Spectroscopy of 2;Binaphthyl J. Phys. Chem. A, Vol. 104, No. 32, 2000445

TABLE 2: Spectral Line Positions of 2,2-BN in n-Heptane
and n-Pentane Shpolskii Matrices

a bc de f g

Co 5 n-pentane n-heptane

: 3 S label in transition difference transition difference

h 1 1 —1 —1 i

n-pentane \/\/ spectrum (cm?) (em™) (cm™ (em™ assignment
: a 28 461 0 28 457 0  origin
b 28 898 437 28 901 444 440 (false origin)

s c 29 072 611 29 071 614 612,)
2 d 29 368 907 29 350 893 2440
z e 29 503 1042 29 485 1028 440612
3 f 29821 1360 29 807 1350 8440
% ~—— g 30117 1656 30119 1662 4402 x 612
é The absolute uncertainty of these transitions=i0 cnt.
B n-heptane

origin. The remaining bands can be assigned (Table 2) as either
combinations or overtones of vibrations with frequencies of 440
and 612 cm?! (a). The 612 cm! frequency is thought to be
due to the CG-C bond stretch between the two naphthalene
moieties, which occurs at 651 cthin the Raman spectrum of
2,2-binaphthy#® and 681 cm? in the Raman spectrum of 1;1

PR

25500 26500 27500 28500 29500 30500 31500 !
Wave number (cm'1) bmaphthw??
) ) ] ] ) _ C. Supersonic Free-Jet SpectraA high-resolution laser-
Figure 2. Electronic absorption spectra of 2BN in a Shpolskii matrix induced fluorescence (LIF) spectrum of the lowest-energy band

using eithern-pentane (upper) on-heptane (lower) as a solvent.

Assignment of the peaks-@ is in Table 2. is shown in Figure 3. A regular structure is very pronounced,

exhibiting several long progressions in a very low-frequency
vibration (~30 cnt?). This mode is assigned as the torsional
vibration of the two naphthyl moieties about the-C' bond.
The longest and most intense of these progressions is labeled
with our estimate of the upper-state torsional quantum number,
which is derived later. Four other progressions are labeled with
a variety of different symbols. Table 3 lists the transition
energies of the peaks labeled in the spectrum, separated by
progressions, with our best estimate of the upper-state torsional
guantum number, which is derived below. The symbols in the
table header row correspond to the same symbols used to label
the peaks in the figure. Another five progressions have been
- o "~ measured in part. However, increasing overlap between peaks
seen near 32 000 crh 1,1-BN has a similar $—S, transition, at higher energies has made intensity measurements more
which has been observed in the supersonic fre€9étow- iyt As a consequence, assighment of the torsional quantum
ever, broadening in the solution spectra precludes its observation, ;mber for these progressions was far more difficult (see below),
here. and they are listed separately in Table 4 with only very tentative
In contrast, the 2/2BN spectrum does not resemble that of torsjonal assignments ascribed to them. The absolute precision
the parent naphthalene at all. Three prominent electronic of the wavenumber values in Tables 3 and 4 is about 51r;m

different concentrations and path lengths, which were chosen
S0 as to best measure the wide range of extinction coefficients
for the different electronic transitions. These spectra are in
quantitative agreement with those published by Friedel &t al.
The similarities between the spectra of naphthalene arid 1,1
BN are evident in the figure. Both naphthalene and-BM
exhibit an intense absorption bardX 10°) near 45 000 cm.
A weaker absorption band ¢ 7000 for naphthalene and 15 000
for 1,1-BN), containing some vibrational structure, is also
evident in both spectra near 35 000 ¢mThe weak ¢ ~ 200)
vibronically induced $—% transition of naphthalene is also

transitions are apparent (32 500, 39 500, and 47 000 cand corresponding to the calibration uncertainty of our laser. The
perhaps another near 36 000 Tnthat is partially obscured.  relative error, however, is only about 0.5 thn

Friedel et al. attributed the difference between thé-BN and A rising fluoresence background is apparent in Figure 3,
2,2-BN spectra to the relative planarity of the 2species,  which is probably due to spectral congestion. A lower-resolution,
which allows increased conjugation across the ringke 1,1 but extended, spectrum of 2;.BN is shown in Figure 4. Itis a

species, on the other hand, is constrained sterically to havingcomposite of two scans, necessitated by the need for changing
the rings perpendicular, thereby forbidding increased conjuga- laser dyes within the scan range. The rising fluorescence
tion, and hence, to having an electronic structure similar to background is again apparent, embedded in which are several
naphthalene. sharper features, again separated by 30lcifhere is another

B. Shpolskii Matrix Spectra. Figure 2 presents spectra of  structured region near 32 850 chand a broader diffuse region
2,2-BN in n-heptane and-pentane Shpolskii matrixes at 4 K. near 32 100 cm'. The sharp structure in the higher-energy
Several peaks are evident in both spectra. The frequencies foregion also shows several series of peaks separated by about
these transitions are displayed in Table 2. Although the 30 cnmtl Although no evidence could be found for any
calibration error for these spectradss cnr’l, extra error is transitions to the red of 30 000 crh we believe that the band
introduced in estimating the center of these fairly broad system at 30 500 cm is actually the vibronic false origin of

absorption bands, giving a total uncertainty4af0 cnt™. The the transition. Several features prompt us to make this assign-
first prominent band occurs at approximately 28 459-tmA ment. First, if we were to consider this band to be the true origin,
much more intense peak occurs about 440 tmigher in then the shift on going from vapor to solid solution would be

energy. These two bands resemble the naphthalenic-origin/falseabout 1700 cmt. This figure is extraordinarily large when one
origin spacing, which leads us to consider the 28 459%doand considers that the same shift in tiinaphthyl is about 700
as the electronic origin of 2BN and the 28 900 cmt band cm~! and in naphthalene is only 960 chfrom vapor to crystal
as corresponding to the vibronically induced naphthalenic false and about 460 cmi from vapor to mixed crystal. Second, the
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Figure 3. Laser-induced fluorescence spectrum of-BR cooled in a supersonic expansion. The main, false-origin progression is labeled by the
torsional quantum number,-28. Other progressions are indicated by symbols and assigned in Tables 3 and 4.

TABLE 3: Transition Energies (in cm™1) of Peaks in the
LIF Spectrum of Jet-Cooled 2,2-BN2

TABLE 4: Transition Energies (in cm 1) of Peaks in the
LIF Spectrum of Jet-Cooled 2,2-BN?

prog. 1 prog. 2 ¢k) prog. 3 @) prog. 4 O) Vtors
Viord origin +131 cm? +140 cmt +200 cnt (tentative) prog. 5%) prog. 6 prog. 7 prog. 8

3 30123.3 12 30 609.2 30612.9

4 30 148.1 13 30639.5 30 643.1 30 646.2

5 301735 14 30 669.5 30673.2 30676.1

6 30 200.3 15 30 700.2 30 703.6 30 705.6

7 30 227.6 30 354.2 16 30731.3 30734.3 30738.0

8 30 255.9 30383.1 30 398.5 17 30762.0 30 765.0 30 768.0

9 30 264.6 30412.2 30426.6 18 30793.3 30796.0 30798.3 30 802.7
10 303134 30441.8 30455.3 30510.7 19 30824.4 30827.4 30830.5 30833.8
11 30 342.9 304715 30484.3 30 540.6 20 30855.7 30857.9 30861.3 30 864.5
12 30372.6 30501.9 30513.7 30570.7 21 30887.0
13 30 402.7 30532.5 30543.5 30601.1 22 30918.9
14 30433.1 30563.2 30573.5 30631.9 23 30 949.6
15 30 463.6 30593.9 30 603.8 30662.6 a . . . )
16 304941 30 625.0 30 634.4 30693.6 The peaks are separated into progressions. Symbols associated with
17 30525.0 30656.1 30 665.0 30724.9 each progression correspond to the symbols placed over the peaks in
18 30 556.0 30687.2 30 695.7 30 756.0 Figure 3. The upper-state torsional quantum numbgkg(is only
19 30586.9 30718.6 30726.8 30787.0 tentative in these cases.
20 30618.1 30749.9 30757.5 30818.6 . .
21 30 649.4 30 781.0 30 788.8 30849.8 that the purity of the original sample was at least free from
22 30680.5 30812.4 30880.7 contamination from other isomers or from naphthalene itself.
23 30711.9 30 843.7 30912.4 1. Assignment of False-Origin Progressiohhe strongest
gg 38 ;‘7"3-3 28 ggg-g 30943.9 progression (numbered in Figure 3) also extends furthest to the
26 30806.1 ) red, and we have consequently assigned this to a progression
27 30837.3 built on the false electronic origin. The progression intensity
28 30 868.7 varies smoothly and symmetrically on each side of the maxi-
29 30899.5 mum, which occurs near 30 525 cin In particular, the lack

aThe peaks are separated into progressions. Symbols associated wit?f @ firm truncation to the progression at the red end makes
each progression correspond to the symbols placed over the peaks irassignment of the progression origin problematic. It is reasonable
Figure 3.° Error in labels ist1.

similar false-origin band in 14BN (437 cnt?) is 100 times
stronger than the true orighf which suggests that our

to imagine that the first members may be lost in the baseline
noise or even that the first few members are hot bands. We
varied the backing pressure between 1 and 4 atm to change the
vibrational cooling in the expansion. The intensities of all peaks

experimental setup was not sufficiently sensitive to detect the labeled “6” or greater were unchanged, and hence, they are
true origin above the noise.

Finally, the range of the spectrum in Figure 4 encompasseswere variable; however, these are so close to our detection
known electronic transitions of naphthalene, BN, and 1,2
BN. No features due to these molecules were found, indicating uncertain. The labels are in parentheses to indicate such.

believed to be cold bands. The intensities of peaks 3, 4, and 5

threshold that assignment of them as either “hot” or “cold” is
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Figure 4. Lower-resolution, longer-range LIF spectrum of 28N in 40 - I
a supersonic jet. F
20 .
A one-dimensional FranekCondon (FC) analysis was used
to assist in locating the origin in the spectrum of ZBN. This 00—
analysis treats vibrations (torsions) in both the ground and 0 30
excited electronic states as harmonic. As seen from Table 3, V' (torsion)

this is a reasonable approximation in the excited state Wherer;q o 5. |ntensity distribution of the strongest four torsional progres-
the first difference between transitions is fairly constant at 30 sjons. Symbols correspond to those in Figure 3. A one-dimensional

cm™1, at least for higher vibrational levels. A recursion relation Franck-Condon fit is shown as a solid line through the data.
(derived from the harmonic oscillator recursion relations)
involving two parameters is used to calculate the FC overlap the first definite cold-band assignment being theGtransition
integral for each transition in the progressidnThe first and the maximum occurring for £70. The three tentative cold
parameterD, is related to the change in normal coordinate bands (labeled parenthetically-3) in fact fit the intensity
between the ground and excited electronic states. The secongattern and so have been included in the table of assigned peaks
parameters, is related to the ground- and excited-state torsional (Table 3). The uncertainty in the fitting parameteBsgnd o)
frequencies by = (v"'/v").12 produces an uncertainty in the numberingdef.

The upper panel of Figure 5 shows the intensity distribution 2. Assignment of Vibronic Progressioffhe assignment of
for all members of the origin progression. The idea of the FC excited-state torsional quantum numbers to the other progres-
analysis is to vany) ando to obtain the best fit to the observed  sions in the 2,2BN spectrum suffers from the same problems
intensities. WheiD ando are allowed to vary without constraint, ~ as for the origin progression, even worse because the number
however, a range of correlated values produce an acceptableof assigned peaks is smaller. However, providing that the
fit, which provides a range of assignments. Thus, it was torsional potential is similar for all progressions, the numbering
necessary to constrain the range of values dheduld take. can be made by comparison. There are two independent

There is a trend among biaryl molecules (including biphenyl comparisons that can be made: the intensity distribution and
and 1,1-BN) to favor more planar conformations in the excited the torsional frequency pattern.
state than in the ground electronic sta#€.23 Semiempirical The lower panel in Figure 5 shows the intensity distribution
calculations by Biraldi et al. suggest that this is also true for for three further torsional progressions, each based on a different
2,2-BN.Y The closer the conformation is to planar, the greater false-origin transition (again symbols match those in the
is the double-bond character in the-C' bond, which in turn spectrum in Figure 3). The FC intensity distribution that best
provides a larger force constant for the torsional motion. Thus, matched the origin progession is also shown as a solid line.
the excited-state torsional frequency is often greater than theThe numbering of each progression was varied to best match
ground-state frequency. We have therefore confihemlvalues the FC fit to the origin, and this best match is shown in the
lessthan 1 (i.ey" < ). Values ofd for two similar molecules, figure and in Table 3.
biphenyldio (ref 4) and phenylcyclohexeriéare approximately The upper panel of Figure 6 shows the first difference in the
0.98, indicating that the torsional frequency does not change frequency of consecutive members of the origin progression.
very much upon excitation. For the purposes of this exercise, The plot shows a distinct rising trend with quantum number
we have constrained to lie between 0.85 and 1.0 remains and, therefore, a negative anharmonicity. This is used in a later

unconstrained. section to provide information on the torsional potential energy
Overlaid in Figure 5 is the resultant best FC fit to the observed function. For the present purposes, however, its distinctive nature
intensities. The parameters that produced this fit véere0.97 can be used to confirm the assignments of the torsional quantum

(and therefores” ~ 29 cnt!) and D = 5.8. The numbering numbers of the other false-origin progressions. This has been
that this analysis produces is shown overlaying Figure 3, with done in the lower panel of Figure 6, where the first differences



7448 J. Phys. Chem. A, Vol. 104, No. 32, 2000

L e e e e LML o s B
32 A —
30 —
28 + -
26 1 A Progression 1 (Origin) .
IS n —— Fit to torsional potential
o
[0}
3] I o [ [
c + +— +———+——— —————+ t
o
o -
= 32
©
2
[
30 - -
28 -
X Progression 2
E B Progression 3
26 O Progression 4 n
—— Fit to torsional potential
sl b b b

10 15 20 25 30

v' (torsion)
Figure 6. Energy difference between adjacent members of the first
four torsional progressions. Symbols correspond to those in Figure 3.

The calculated first difference for a model potential described in the
text is shown as a solid line.

of the other three progressions have been plotted using the sam
quantum numbers as were inferred using the FC analysis. The

match to the origin first difference trend is excellent, thereby

supporting the assignment of quantum numbers and also

confirming that the progressions all involve the same vibrational

mode, an observation that takes on some importance when we
consider later the number of electronic states and conformations

of the molecule that may give rise to this electronic spectrum.
The shift in wavenumbers required to overlap each progres-
sion provides the vibrational frequency of the mode upon which

the false origin progression is based. These three vibrational

frequencies are calculated to be 131, 140, and 200! dor
progressions 24, respectively. An uncertainty @30 cntlis

again attributable to the above frequencies, as the assignment

have an estimated error &fv = +1. Progressions-58 could

not be assigned with any confidence by this method because
increasing spectral overlap and decreasing intensity made

intensity measurements inaccurate. These three low-frequenc
modes probably involve overall motion of the two naphthalene
rings. There are six such inter-ring vibrations. The torsion has
been assigned here, with a frequency~e80 cnT?, and the
inter-ring stretching vibration has been assigned previétisly
in the ground state as having a frequency~e850 cntl.
Therefore, these three frequencies probably represent 3 of th
4 in-plane and out-of-plane bending vibrations. We are perform-
ing ab initio calculations of the excited state of 2BN to

confirm these assignments and some other aspects of this work.

IV. Discussion
In this work, the electronic spectroscopy of 2titnaphthyl

e
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expansion. The solution spectra confirm that the electronic states
in 2,2-BN are quite different from those in its parent naphtha-
lene, which has been attributed previously to its more planar
structure, thereby giving rise to increaseaonjugationt The
supersonic jet spectra are dominated by long progressions in
the torsional vibration, which indicate that there is a substantial
change in equilibrium torsional angle upon electronic excitation.
Several low-frequency modes were assigned, which probably
involve in-plane and out-of-plane bends of the naphthalene
moieties about the centraHEZ' bond. In the cryogenic matrix,

the torsional angle is frozen. Upon electronic excitation, it is
unable to change to its new equilibrium angle, and hence, the
long torsional progressions observed in the gas phase are also
frozen out. This allows for the observation of other, higher-
frequency vibrations, which are mostly assigned as naphthalene
ring vibrations with frequencies very similar to those in the
isolated naphthalene. In this section, we utilize the spectroscopic
data to calculate a torsional potential, estimate the change in
equilibrium torsion angle upon electronic excitation, and
compare the 2,2BN results with those for other biaryl species
and with theoretical calculations.

A. The Torsional Potential. Figure 6 shows that the spacing
between torsional energy levels increases rapidly for small
and then levels out for > 15 to a value of approximately 31
cmL Thus, the torsional potential energy function must be fairly
harmonic for large but flatter than a quadratic function at low
v. Eventually, of course, the potential energy must reach a
maximum, which represents the barrier to isomerization between
the cis and trans forms of 2;BN. There is some evidence in
Figure 6 that the spacing between levels is beginning to decrease
at highv, and perhaps a slight alternation in the level spacing
is appearing. However, the scatter in the data makes this
conjecture fairly tenuous. The barrier would therefore seem to
be much higher than the 1000 ch(29 quanta) of the torsional
potential probed in this work, and we have not tried to include
a barrier in any of the model potentials that we tried.

Many authors have modeled torsional potentials using a sum
of even cosine functions of the form

V(0) = 1,2V (1 — cosné)

and obtained excellent fits to the torsional energy levets.
Similarly, we employed this potential function as a starting point.
A generalized finite-element method (GFEM) was employed
to model the one-dimensional torsional potent?alhe GFEM
method calculates the torsional energy levels for the potential
function that is input into the program. We truncated the cosine

Reries at terms of order six, but were unable to reproduce the

experimental data in Figure 6. The best attempts could fit lower
energy levels well, but were unable to reproduce the harmonic
region of the potential. Undoubtedly, the inclusion of higher-

Yorder terms would improve the fit; however, the physical

interpretation of such a function would be difficult.

Instead, we tried to model the potential using a quadratic
function (which obviously fits the higher levels) that is flattened
at the bottom by the addition of a Gaussian term. Such a
otential has been used previously to model double-minimum
otentialg? and takes the form

V(0) = ',k6? + A exp(—b#?) 1)
A, b, andk are adjustable parameters, whérandb determine

the amplitude and width of the Gaussian function, respectively,
andk is the harmonic force constant. The best fit to the data in

has been measured in solution, cryogenic matrix, and free-jetFigure 6 was obtained with values bf= 4100 cnt? rad™2, A
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= 135 cmt, andb = 13.5 rad™. Figure 7 displays the torsional  Figure 8. Calculated torsional potential for 2:8N in the ground (34)
potential that produced the best fit to the observed energy levels.and excited (3B) states. The experimentally derived potential is also
This figure also shows the quadratic and Gaussian componentsshown for the excited state.
that comprise the final function as lightweight lines.
The spacing between consecutive vibrational levels, which 0°, 9¢°, 187, or 270, are low. Therefore, it is likely that an
is calculated from this potential, is shown overlaying the ensemble of room-temperature gas- or solution-phase molecules
experimental data in Figure 6 as a solid line and can be seen towould contain a statistical mixture of the two conformers. The
represent the data well. There is an indication that the solution spectra, therefore, would comprise absorption not only
experimental values exhibit a greater flattening at higher quantafrom both conformers, but also from a very wide range of inter-
(maybe even starting to get smaller) than is achieved with the ring angles. In the cooled experiments, both gas-phase free jet,
calculated values. This may indicate the approach of the regionand solid Shpolskii matrix, it is likely that both conformers
of the potential that begins to curve downward to form the would be cooled into their respective torsional wells. In the
isomerization barrier. This potential function in eq 1, of course, matrix experiments, there are other factors that influence the
does not include any provision for a barrier. conformation while freezing; however, we suspect that there
The calculated torsional potential function can be used to should be no strong preference for either conformation. Con-
extrapolate the energy level spacingito= 0 and, hence, to ~ sequently, in both experiments, there are potentially two
derive an estimate of the electronic origin frequency. The origin conformers of 2,2BN that may give rise to the observed
position is estimated in this manner to occur at 30 060cm  spectra.
subject again to an error of about 30 Thwhich is derived The lowest-lying excited singlet electronic states of-BR
from the £1 uncertainty in the torsional assignments. are the plus and minus dimer states corresponding tdlLthe
The change in dihedral angle that occurs upon excitation canelectronic state of naphthalene. These are labélad 2 ,(—)]
also be estimated from the torsional potential and the FC and B [L,(+)] and are degenerate when the rings are
analysis. The transition with maximum intensity in the progres- orthogonal. The oscillator strength for absorption to tha 2
sion occurs at' = 17. The amplitude of vibration at this [Ly(—)] state has been calculated to be ZErsp we assign
quantum number is approximately32°, as derived from the  the activity in the spectrum to theB—1'A transition, which
calculated potential function. A simple interpretation of the FC is shown in Figure 8.
principle would then place this angle “vertically above” the Only one distinct torsional progression (built on several false
ground-state equilibrium geometry; in other words, the change origins) was identified in the spectrum of jet-cooled'ZBN.
in equilibrium dihedral angle is 32upon electronic excitation.  However, as reasoned above, there should be two rotational
The minimum energy in the excited state fs(@ans-planar) or conformations of 2,2BN present in the sample, both of which
18C° (cis-planar), and the ground-state equilibrium dihedral will have their own characteristic potential energy surface and
angle, therefore, is 32or 148. torsional vibronic structure. There are several possibilities that
B. Assignment of the Electronic Transition. A sketch of might give rise to only a single progression in the spectrum. (i)
the 2,2-BN torsional potential energy surface is shown in Figure Only one conformer is populated, which we consider not likely,
8. The features are based on the semiempirical calculations (CSas discussed above, unless the calculated stability of each
INDO\CI) of Biraldi et all” In the ground electronic state’@), conformer is largely inaccurate. (ii) The torsional potential
there are two, roughly equal-energy conformations, located aboutfunction is identical in both conformers, which would give rise
35° out-of-plane from the cis and trans planar geometries. The to two different progressions that would be indistinguishable
rotational barriers to interchange of conformation, through either in the spectrum. This would seem quite unlikely, given the high
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precision of the experimental measurements. (i) The transition TABLE 5: Vibrational Assignments in the 1'B State of
energy of the two conformers is different. The theoretical points 2:2-BN

plotted in Figure 8 show almost exact energy equivalence of frequency (cm?) assignment

the conformers in both electronic states. However, a difference 31 dimer torsion

of only about 300 cm! (<1 kcal/mol) would be sufficient for 131 and/or 140 % ~70 cn! (butterfly) or dimer bend

the higher-lying progression to be lost in the congestion of the 200 dimer bend or Z 100 dimer bend

lower transition (see Figure 3). This seems to us to be the most 440 naphthalene ring mode,

likely explanation. _equivalent tovas in naphthalene (ref 30)
612 dimer stretch

The experimentally derived potential energy function from

Figure 7 is plotted on top of the theoretical data points in Figure 4+ one of the 131 and 140 chvibrations is probably two
8. The agreement is qw.te poor for bpth confprmers (of course, quanta of this vibration, and hence, the “butterfly” vibration
we have only one experimental function). This poor agr.e.ement, probably has a frequency of70 cnT™. An excited-state normal-
coupled with the almost exact energy maich for transitions in .o dinate analysis will probably be the most useful tool for

both conformers, makes it very difficult to confidently attribute  go;ring these assignments. Our assignment of various excited-
the experimentally observed progressions to either of the giq¢e frequencies is summarized in Table 5.

conformers. We suspect the cis conformer, because the trans
conformer is calculated to have an equilibrium geometry that v/ conclusions and Future Work

is nonplanar, whereas the cis conformation is much more planar, . )
in keeping with the experimental observation. In this work, we have measured the electronic spectroscopy

of 2,2-binaphthyl in solution, Shpolskii matrix, and supersonic

torsional vibration, which has been characterized above, severalfree jet. The molecule is planar in the excited state a3@”

other excited state vibrations have been identified in the matrix gut-of-plar:je 'rr:, thhef ghrourjd stdate, althoufgh it could not b?
and free-jet spectra. In the matrix, the large amplitude torsional etermined which of the cis and trans conformers was active in

vibration is frozen out, leaving higher-frequency modes more the spectru[n. In the matrix, the electronic_: origin was f(_)und at
easily observed. One of these, with a frequency of 4401cm 28 460 (l:m ’ Th? stronger naphthalene-like false origin was
is so closely associated with the naphthalene vibronically 440 cm- hlggertlgggaggeglcyh!ln ttr;]e ?as phg§e, the:‘alse orllgln
inducing mode 144 in naphthalenéy that its assignment as the was assigned & chwhiie the true orgin was 1o weak

same mode in 2'BN is firm. The other vibration is a to be observed. A long progression in the torsional vibration

T H _ .
progression-forming mode that is seen built on the origin and (30 cm™) Was.observed n .the_ gas-phase spectrum, Wh.'Ch
the false origin. It must, therefore, be a totally symmetric allowed a detailed characterization of the torsional potential.

vibration. No naphthalene progression-forming mode has aThe gxperimenta_lly derived p_otential is in poor agreement \.Nith
similar frequency, and so, by analogy with the IR and Raman previous theoretical calculations. Other strong progressions,

spectra of 2,2BN, we have assigned this mode as the dimer involving the other dimer vibrations, were also present in the
stretch with ’an e>’<cited-state frequency-o612 cnr spectrum. Assignment of these was difficult, however, as there

In the free : ¢ other vibrati i is activity in at least 5 of the 6 dimer modes in the spectrum.
n the free jet, gsmgnment 0 (?t ervi rat|ons. relies on an —yye are performing ab initio theoretical calculations on the
accurate numbering of the torsional progression, with the

; . round and excited states of 2BN in an attempt to assign
frequenc.y.measurement belng taken as thg dlfference betwee he FC-active vibrations in the free-jet spectrum. We will also
the tran_5|t|on_frequency Of_ Various progressions. Th'S.COU|d be recalculate the torsional potential to explore whether better
done fairly rellably for th‘? first fourprogressu_)ns, l'_Sted in Table agreement with the experimentally derived potential can be
3; however, the Intensities of the_ progressions in Table 4 are pptained. Finally, we hope that these more extensive calculations
affected too much by the Increasing l_)ackground congestion to,y, provide insight as to why only one torsional progression
be able to be assigned with any confidence. The four progres-, - <" shserved in the free-jet spectrum.
sions in Table 3 correspond to the origin (probably the false

origin) and three progressions displaced by 131, 140 and 200 acknowledgment. We gratefully acknowledge the receipt
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