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The intramolecularly torsion-capable molecules 2-phenylimidazole (1), 2-phenylbenzimidazole (ll), 1-methyl-
2-phenylimidazole (lll), and 1-methyl-2-phenylbenzimidazole (IV) are shown to yield efficient UV lasing
action. Theamplified spontaneous emissiOASE) laser spikes wavelengths (and gain coefficients) are for

[, 321 nm @ = 7 cntY); for Il, 341 nm @ = 10.5 cnY); for Ill, 324 nm (@ = 8 cn'Y); and for IV, 345.5

nm (@ = 9 cntl) (ASE cell optical length of 0.8 cm). The laser spikes represent for each molecule the
normal simple case of wavelength coincidence with the fluorescence maximum. Theoretical calculations are
presented to correlate electronic structural changes with observed spectra and for theoretical torsional potential
functions. In cases | and Il, the torsional mode is active only in the excited-stata@® serves merely to
modulate by a large shift{3000 cn1?) the ASE laser spike position, driven by stretching mode vibronic
excitation. In the cases of lll and IV, the torsional mode is interpreted to be the driving mode, with an ASE
laser spikeAv of 5000 cnt! or more (measured as the Frand&ondon shift ofdyax from absorption to
fluorescence, and the ASE laser spike position), deduced from the theoretically calculated torsional potentials
offering a four-level population inversion system.

Introduction transformation processes in such cases as (c) the excited state
. o intramolecular proton-transfe{ESIPT) laser and (d) the twisted-

The 2-phenylimidazole (1), 2-phenylbenzimidazole (Il), 1-meth- iamolecular-charge-transfe (TICT) laser. Each of these
yl-2-phenylimidazole (II1), and 1-methyl-2-phenylbenzimidazole rqcesses offer substantial molecular coordinate displacement
(IV) molecules exhibit a strong first absorption band in the  achanisms, making available the four-level scheme. It is
middle UV, resulting in relatively strong corresponding fluo-  aignal to characterize the four processes cited as involving
rescence bands. These properties suggested them as candidatgge mjca| reactions in the sense that the effective species (atomic-
for ASE Iasefr.splke spectroscopic research, which are Shownpair excimer, molecular-pair excimer, proton-transfer (PT)
to rleveial e{fﬁl%ent Iasmtg alt 321, 341, 324, and 345.5 nm for tautomer, and charge-transfer twisted TICT species, respectively)
mo egu es , Fespectively. ) are electronically distinct from the originating species.

Th's study extends our previous work on phe_nyloxazb?e_s, Yet another type (e) is represented in the dye-molecule laser,
WhICh prloved also to be efficient in ASE laser spl'ke.generétlon in which a four-level system is achieved merely by nonequi-
mréZZr:Efocl)ll? :X)'rsl'rc]);g? E‘rsjgm .(iﬁs.fsoéﬁ:rzrgggggzocf:ﬁ; librium vibronic excitation conditioned by the Franeondon
P : Wit | Istic p '3l Vibronic overlapgQarising from potential curve displacement

function introduced a possible novel feature of torsional . . : ) .
. . . accompanying the molecular distortion upon electronic excita-
modulation of the ASE lasing action. In both of these groups .. .
tion. All of these cases have been analyzed previously.

the typical four-level, two-state laser scheme is invol¥edth ) ) ; )
the $—S; electronic transition evidencing—=* electronic A second variant of the intramolecular structural distortion

excitation. as the basis for lasing action is (f) that involving an internal
inter-ring torsional mode, yielding the coordinate displacement

The four-level schentehas provided spectroscopic mecha- . . :
P P P requisite for a four-level system. This mechanism has been

nisms for the lasing action of such disparate chemical systems d for lasing in the ultraviolet regi lified by th
as thebimolecular processes involved in (a) the atomic-pair propos;a or a;'nﬁ In | e ulgrsawoe region exempiified by the
gaseous excimer lageand (b) the molecular-pair solution ~C@S€ O SOME <-phenylazoies. o _
excimeP laser as well as thenimolecular (intramolecular) The intramolecular torsional mode in suitable molecules is
one of the 8l — 6 normal modes of a nonlinear polyatomic.

* Authors to whom correspondence should be addressed. _The compllca_ltlp_n introduced by the presence of a torsional mc_)de
tThis paper is dedicated to Professor Lionel Goodman of Rutgers IS the possibility of an energy lowering upon electronic
University on the occasion of his 70th birthday, in celebration of his excitation to the normal vibrational potential minimum. Figure

contributions on accurate vibrational potential functions and the theory of 1 illustrates schematically a (harmonic) vibrational normal-mode
torsional potentials for molecules.
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the torsional potential would not be effective as the laser driving

\ mechanism, if an ASE spike is observable.
(C) If the torsional potential minima are deep (curves b and

b'), then in the four-level system the excitation dynamics can
be governed by the torsional mode. In other words, the lasing
conditions are present for a torsional mode if these criteria are
met: (a) a large angular distortion upon excitation, (b) a deep
excited-state and ground-state torsional minima, and (c) Franck
Condon selection of nonequilibrium ground-state torsional
modes upon fluorescence. When these conditions are matched,
a population inversion can result with subsequent lasing
emission. We could then characterize the laser as a torsionally
induced laser.

R Experimental Section

So _‘a\ ab | | Steady-State SpectroscopyThe spectroscopic observations

were made for the various phenylimidazoles in solution at 298

| 0— ' K in the concentrations and solvents given in the text and the

20 Q figure legends. The absorption spectra were recorded by a
~ Shimadzu UV-2100 spectrophotometer. Fluorescence spectra

(corrected) were obtained from an AB2 Aminco-Bowman Series

2 luminescence spectrometer. The first fluorescence peak

appears to be very sensitive to slit width and the sample

Figure 1. Potential energy curves diagram which represents the
interplay of an average stretching/bending normal md(g) and a

torsional normal moda/(6). concentration because of strong self-absorption. All the fluo-
rescence spectra were measured by using 4 and 0.5 nm slits in
SCHEME 1 the excitation and in the emission monochromators, respectively.
N N ASE Spectroscopy. The ASE laser spike measurements (cf.
| [>_© 1 ©I>—© ref 2) were made by primary excitation with a Nd:YAG laser
{ \ (Spectra-Physics Model DCR-3G), using the fourth harmonic
H H (266 nm) for 2-phenylimidazole, 2-phenylbenzimidazole, and
o 1-methyl-2-phenylbenzimidazole. The output of the Nd:YAG
2-phenylimidazole 2-phenylbenzimidazole laser was focused to a narrow line in the dye cell in a transverse
geometry. A Molectron DL 251 laser dye cell of 0.8 cm optical
N N length was used, with oblique windows designed to prevent
11 [}—@ \Y) C[}—@ optical feedback. The dye solution was stirred to prevent
\ \ secondary processes (local heating, triplet population, etc.) from
CHs CHs interfering with the experiments. The amplified spontaneous
1-methyl-2-phenylimidazole  1-methyl-2-phenylbenzimidazole emission (ASE) was dispersed by a 300 lines/mm and 0.32 m

polychromator (Instruments SA Model HR320), detected by an
optical multichannel analyzer (OMA) system consisting of an
intensified silicon photodiode array (EG&G/PAR, Model 1421),
and analyzed by a system processor (EG & G/PAR, model 1461/
1463). To reduce the noise, the detector was operated in a
gated-mode synchronously with the Nd:YAG laser. The ASE
was detected through a pinhole 0.05 cm in diameter placed at
a distance of ca. 50 cm from the sample cell.
. . e e It should be pointed out that the ASE laser spikes and their
zib?zrépotfn Ab::ﬂcomes in fluorescentr(S—So) = ABA(S—S) respective gain coefficients were measured in a mirrorless
) ) . ) o cavity 12 without feedback from the windows of the cuvette.
In this paper we shall investigate for the four phenylimida- 14 measure the gain coefficient values, an optically calibrated
zoles of Scheme 1 which of the following relations of torsional  pyf_cell shutter was placed between the primary laser excitation
energy d|stor.t|on VS stretphmg/bendmg normal-.mode Q|stort|on and the cell to block half the intensity of the excitation beam.
is the operative mechanism governing the lasing action. The intensities of the primary laser excitation at the respective
(A) If the energy loss termAeo + Ae] is small compared  full-cell length and half-cell length of the shutter were optically
with the displacement of the FranekCondon maxima fromthe  calibrated with a volume absorbing disk calorimeter (Scientech,
band origin, the torsional potential (curves a angemergy Inc., Model 36-0001).
change would appear only as a modulation effect enhancing |n the laser experiments, the solutions were degassed by
the Stokes’ shift of the fluorescence band and on the pOSSib|ebubb|ing Ar gas through the small oblique-windowed ASE laser
ASE laser spike frequency. In such a case, the possibility of a cell for 30 min prior to excitation. Photoinstability was
four-level system is governed by the stretching normal médes, negligible during the experimental time. Photostability of the
with the population inversion scheme characteristic of the dye- compounds studied was demonstrated by monitoring the absorp-
molecule laser case (). tion spectra before and after the laser experiments, using a
(B) The case can also exist in which an excited-state torsional cuvette of 0.01 cm optical length.
potential has a deep minimum, but the ground-state torsional The 2-phenylimidazole (1), 2-phenylbenzimidazole (Il), and
potential is very shallow. In such a case a large Stokes shift 1-methyl-2-phenylbenzimidazole (IV) (Scheme 1) were pur-
would be observable as a modulation of the fluorescence, butchased from Aldrich Chemical Co. and used as supplied. The

1) can lead to éoweringof the excited state energy. A torsional
mode ground-state potential minimum upon vertical excitation
commonly results in relaxation to a new torsional minimum
for the lowest excited electronic state, representing a displace-
ment along the torsional axé Assuming that the excitation
proceeds from the equilibrium potential minimum for W&)'s

and theV(0), the initial excitation energyAEA(Sy—S:) in
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1-methyl-2-phenylimidazole (11l) molecule was a gift of Dr. R. T T T L I
M. Claramunt. All the solvents used were spectrophotometric
grade.

Theoretical Calculations. Both ground-state ($ and first
singlet excited-state (pgeometries were optimized using a
6-31G** basis set with the Gaussian'@®program. The &
geometry was calculated at the SCF level, and thge®metry
was obtained by means of a CIS metkodue to the size of
our systems. The geometry of thevas fully optimized using 0.0 Fp——
the Berny algorithn> The program Spartan 43 was used =50 300
for visualizing the vibrations. The harmonic vibrational fre- Wavelength (nm) Wavelength (nm)
quencies (cm?) were multiplied by a scaling factor of 0.8958.  Figure 2. (a) Absorption spectra of 2-phenylimidazolerirpentane
The six molecular geometries calculated for the molecules |, and dioxane (--). (b) Emission spectra of 2-phenylimidazole in
Il, and IV are assigned to minima, because each of them n-pentane and dioxane (- -) solutions upon excitation at 260 nmx 1.7

- . . . 10% M.
possessed\8— 6 vibrational modes with positive frequenci€s.
Calculations for molecule Il were unavailable (cf. Table 2), as
the newly synthesized sample was available after this paper was- 1 o |
completed.

Absorbance (a.u.)
Fluorescence (a.u.)

300 350 400

Equilibrium Spectroscopy of the Phenylimidazoles

orbance (r.u

Among organic species which can act as laser materials, the
2-phenylimidazole (1), 2-phenylbenzimidazole (Il), 1-methyl-
2-phenylimidazole (lll), and 1-methyl-2-phenylbenzimidazole 0.0

Ab
Fluorescence (a.u.)

(a)

Absorbance (a.u.)
Fluorescence (a.u.)

(IV) molecules are examples that can undergo an intramolecular 250 300 350 300 350 400
inter-ring torsional distortion in their chemical structure upon Wavelength (nm) Wavelength (nm)
excitation (Figure 1). Such species consequently may exhibit gigyre 3. (a) Absorption spectra of 2-phenylbenzimidazole rin
novel spectral properties in their lasing action. In the cases atpentane and dioxane (- -). (b) Emission spectra of 2-phenylbenzimi-
hand, electronic excitation upon UV light absorption of the dazole inn-pentane and in dioxane (- -) solutions upon excitation at
equilibrium nonplanar conformation in the ground electronic 270 nm, 1.3x 10°M.
state g (as depicted in Figure 1) at the appropriate wavelength e
leads to the lowest torsionally nonequilibrated singlet excited- '
state $, whereupon a barrierless inter-ring torsional motion 10 T
yields a planar conformation which subsequently may emit
fluorescence. 1
We shall first present the equilibrium absorption spectroscopic 0.5 +/~
results, for the four molecules under study, including examina- g
tion of the lasing capacity for the four species. This will be
followed by presentation of the results of theoretical molecular 00 e -
calculations which can serve as the bases for interpretation of 550 300 300 350 400 450
the potential energy diagrams and the expected excited-state Wavelength (nm) Wavelength (nm)
behavior as lasers. We shall then interpret the molecular lasing_. . -
behavior on the basis of the theoretically calculated torsional Figure 4. (a) Absorption spectra of 1-methyl-2-phenylbenzimidazole
. . . N 7 in n-pentane and dioxane (- -). (b) Emission spectra of 1-methyl-2-
potential energy function. This step is critical and adds an phenylbenzimidazole im-pentane and in dioxane (- -) solutions (1.7
essential component to the interpretation of the possible role of x 106 M) upon excitation at 270 nm.
a molecular torsional potential in facilitating an excited-state
population inversion as a torsionally driven lasing action. effects in these cases will be presented in the discussion
UV Absorption and Fluorescence Spectra.The first UV interpretation section.
absorption region and corresponding (corrected) fluorescence The spectra reveal the usual increased spectral broadening
emission spectra of 2-phenylimidazole (I)nrpentane and in  of both the absorption and fluorescence bands in comparing
dioxane solution at 298 K are given in Figure 2. Analogous dioxane withn-pentane as the solvent. There is also the small
data for 2-phenylbenzimidazole (l1) are given in Figure 3, and dispersion red-shift in both absorption and fluorescence spectra.
for 1-methyl-2-phenylbenzimidazole (IV) in Figure 4. The The striking general feature, however, is the considerable
unusual character of the Franre€ondon absorption spectral increase in vibronic structure in the fluorescence spectrum of
envelope and the appearance of the vibronic structure for theall the molecules studied compared with their absorption
room temperatura-pentane solution of | suggests strongly that contours, most evident in the hydrocarbon solutions. This last
for this case the absorption band consists of two superposedfeature will prove to be a consequence of especially prominent
electronic transitions (cf. Table 2), unlike moleculesIN. torsional modes in the;S®xcited states. The band half-widths
The UV absorptions are intense, guaranteeing short fluores-(fwhm) show contrasts (cf. Table 2), also, that for the
cence lifetimes by the Einsteiyi/B;, coefficient relation, as  fluorescence band being smaller than the half-width of the
indicated by the molar absorption coefficients valugf log corresponding absorption band for the four phenylimidazoles.
€ =4.25 at 275 nm for |, log = 4.37 at 304 nm for Il, and log For instance, the fluorescence half-widths {&pare about 1950,
€ = 4.25 at 293 nm for IV. The coefficients values were 640, 1790, and 2300 smaller than the corresponding absorption
calculated for the compounds studied in dioxane solutions. Therehalf-widths for 2-phenylimidazole (1), 2-phenylbenzimidazole
is a striking contrast in the relation of the absorption and (ll), 1-methyl-2-phenylimidazole (lll), and 1-methyl-2-phenyl-
fluorescence spectra of Il and IV compared to phenylimidazoles benzimidazole (1V), respectively (cf. Table 2, and Discussion).
I and Il (cf. Table 2). A fundamental difference in torsional In this case again, these observations will be related to a
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Figure 5. (a) Fluorescence (1.¥ 10-6 M) and amplified spontaneous
emission (ASE) of 2-phenylimidazole (32 102 M) in dioxane at
298 K. (b) ASE gain spectrum for 2-phenylimidazole (3%x2L.0-3 M)

Wavelength (nm)

Figure 6. (a) Fluorescence (1.8 1076 M) and amplified spontaneous
emission (ASE) of 2-phenylbenzimidazole (20102 M) in dioxane
at 298 K. (b) ASE gain spectrum for 2-phenylbenzimidazole (2.0

in dioxane (298 K) upon excitation at 266 nm. The excitation energy 107 M) in dioxane (298 K) upon excitation at 266 nm. The excitation

was 30 mJ.

difference in the torsional mode excitation in the s$ate vs
the S state, in our discussiefinterpretation section.

Amplified Spontaneous Emission (ASE) Spectroscopy.
The limited solubility of the 2-phenylimidazole and 2-phenyl-
benzimidazole molecules in inert hydrocarbon solvents such as
n-pentane, cyclohexane, methylcyclohexane, and decalin does
not allow preparation of solutions sufficiently concentrated in
these to give rise to lasing action. Therefore, the ASE laser
experiments were carried out for dioxane solutions, in which
the four phenylimidazole molecules«IV) present a sufficient
solubility.

The ASE laser spikes were observed and recorded for highly
concentrated solutions of the phenylimidazoles in dioxane (2.0
x 1072 M) and appear at 321 nm for 2-phenylimidazole (I,
Figure 5a), 341 nm for 2-phenylbenzimidazole (ll, Figure 6a),
324 nm for 1-methyl-2-phenylimidazole (llI; cf. Table 2), and
345.5 nm for 1-methyl-2-phenylbenzimidazole (IV, Figure 7a),
respectively. The ASE laser spikes show up at or very close to
the maxima of the fluorescence spectra, as required by normal
physical optics and the exponentiality of the laser-induced
excitation wave train. The exponential character of the ampli-
fication of the light reinforces the most strongly emitting level
and leads to the relative suppression of the weaker emitting
components of the original fluorescence band. The result is

Intensity

cm

—
o

o
(@)

0.0

Gain

energy was 30 mJ.

B S|

350

Wavelength (nm)

original fluorescence band. The ASE laser spike cannot emerge
at the position of the B0 transition, because that would

correspond to a two-level system, for which population inversion energy was 30 mJ.

is not achievable. The strong self-absorption of the00

emission (ASE) of 1-methyl-2-phenylbenzimidazole (0.01 M) in
dioxane at 298 K. (b) ASE gain spectrum for 2-phenylbenzimidazole
(0.01 M) in dioxane (298 K) upon excitation at 266 nm. The excitation

emission band region arising from the intense absorption doesa. = 9 cnt! at 345.5 nm (Figure 7b), respectively, coinciding

not interfere in our case with the ASE laser spike emission. with the peak position of their ASE laser spikes. The 2-phe-
The Franck-Condon maximum in these cases generally occurs nylimidazole molecule lases at UV wavelengths even shorter
at ca. 3000 cmt, from the fluorescence onset, safely removed than those measured for the 2-phenylbenzoxazole compound
from the 0,0 region. at the same experimental conditior’.

The molecules+1V show high gain coefficient values (ASE The observation of an ASE laser spike at 321 nm for
cell L = 0.80 cm),a = 7 cntt at 321 nm (Figure 5b)yx = 2-phenylimidazole represents the shortest UV laser wavelength
10.5 cnt! at 341 nm (Figure 6b)x = 8 cntt at 324 nm, and to date for dye-molecules without subsidiary tuning effects.
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—
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bim

phe

1-methyl-2-phenylbenzimidazole

Furthermore, if the 2-phenylimidazole molecule were dispersed
up to 1073 M in concentration in a medium with low polarity-
polarizability as that fom-pentane, it would generate a laser
spike shifted about 12 nm to the blue with regard to the laser
spike found in dioxane.

The compounds studied clearly exhibit good UV lasing
properties in dioxane. The four phenylimidazole molecules
follow a four-level, two-state mechanism, which enables them
to lase from a coplanar or almost coplanar conformation in the
first singlet excited state. However, in the discussion and
interpretation section, we shall consider the particular effect of
the torsional motion asmodulationeffect rather than a driving
effect in some of the phenylimidazole cases.

Theoretical Calculations

The ab initio calculated geometries of the 2-phenylimidazole
(), 2-phenylbenzimidazole (ll), and 1-methyl-2-phenylbenz-
imidazole (IV) molecules for their ground electronic state are
nonplanar, with inter-ring torsional angles 0f°’120°, and 42,
respectively. The nonplanarity of all the molecules in their S

Catala et al.

9°. However, the torsional angle between the phenyl and the
benzimidazole rings is only°2 In addition, the pyrrolic methyl
is out of the benzimidazole plane (cf. Scheme 3).

These coplanar conformations produce a shortening of the
intercyclic C-C distance (cf. Scheme 4), which reinforces its
double bond character, and an increase of the (theoretical)
oscillator strengttis,—s, (at ~20°) for absorption versufs,—s,
(planar) for emission (i.e., from 0.54s{.s)) to 0.74 €s—s))
for I, from 0.75 €s,—s,) to 1.05 €s—s,) for I, and from 0.59
(fsy—sy) t0 1.03 €s,—g) for 1), in agreement with parallel results
in our previous papét:

It is noteworthy that the Sgeometry of 2-phenylimidazole
represents a loss of planarity in the imidazole ring, because of
a slightly pyramidal conformation brought about by the pyrrolic
nitrogen. That pyramidal conformation diminishes the repulsion
between the pyrrolic hydrogen and the hydrogen atom in the
ortho position of the phenyl ring. The pyrrolic hydrogen adopts
an angle of 18with regard to the imidazole plane (Scheme 3).
For the molecule IV all the above-mentioned conformational
features are reinforced (cf. Scheme 3).

It is noteworthy that the fundamental vibrations assigned to
an intercyclic torsion increase their frequency in thestate.
Thus, the vibratiorvy(Sy) = 42.1 cnT! goes up tovy(S)) =
98.9 cnrlin 2-phenylimidazoley,(Sy) = 37.4 cnTt increases
to v5(S;) = 63.4 cntlin 2-phenylbenzimidazole, and(Sy) =
47.5 cnr! is raised tovy(S;) = 100.1 cnt! for 1-methyl-2-
phenylbenzimidazole. This statement denotes that those vibra-
tional modes will be less populated in thes®ate, favoring the
shortening of the inter-ring €C bond by increasing its double
bond character.

Scheme 4 reveals-&C distances within the phenyl group to
be very much alike in the ground state of all the compounds
studied. This similarity can be ascribed to the phenyl group
acting as an independent benzene ring. In contrast, thé C
distances of the phenyl group in the correspondingt&te are
quite different from each other, denoting that a significant
resonance effect appears between the rings upon going to a
planar conformation. Scheme 4 shows important structural
parameters of the compounds studied in theaBd the $
electronic states.

The rotational constants, dipole moments and polarizabilities
for all of the calculated electronic states are gathered in Table
1. It is worth mentioning that polarizability increases signifi-
cantly upon excitation in the three molecules (I, 1l, and V).
The dipole moment changes upon excitation only slightly in
magnitude but its orientation changes significantly (Scheme 5).

state is caused primarily by an electrostatic and a steric repulsionBecause of these dipole changes in orientation, a solvent

between the pyrrolic hydrogen (for | and 1) or the pyrrolic
methyl (for IV) in the heterocyclic ring and the hydrogen atom
in the ortho position of the phenyl ring. The X-ray geometries
of 1-methyl-4-phenylimidazole and the 1-methyl-2-phenylimi-
dazole (111) moleculé? support the above interpretation, as seen
by comparing their inter-ring torsional angle®) o 7.3 and
32.3, respectively, to the T9value calculated for | (Scheme
2).

In the three molecules studied (I, Il, and V), our theoretical
calculations indicate that the; $*) equilibrium geometry
changes toward a coplanar conformation.
conformation is completely reached by the 2-phenylbenzimi-
dazole molecule with an inter-ring torsional anglefof 0.0°,
and almost reached by the 2-phenylimidazole vtk 1.9
and the 1-methyl-2-phenylbenzimidazole with= 2.0° (cf.
Scheme 3).

To diminish the steric interaction, the pyrrolic methyl in the
1-methyl-2-phenylbenzimidazole molecule forces the twisting
of the phenyl ring with regard to the benzimidazole ring to ca.

relaxation effect upongo S, excitation dependent on solvent
polarity is expected for 2-phenylimidazole, 2-phenylbenzimi-
dazole and 1-methyl-2-phenylbenzimidazole.

In summary, the primary effects upon electronic excitation
are a shortening of the inter-ring—<C bond distances, an
increase of the intercyclic torsional frequency, a differing
oscillator strength for the ;15> versus that for the &S;
electronic transitions (for the four-level system; cf. Figure 1),
and the reorientation of the dipole moment. All the latter
phenomena demonstrate a reinforcement of the coplanar con-

That coplanar formation between the phenyl group and the heterocyclic rings

in the first singlet excited state.

Discussion and Interpretation of Results

The experimental results presented in this paper show that
the four phenylimidazole molecules under study can function
as highly efficient UV lasers in the spectral region from 300 to
340 nm with gain coefficients in the range= 7—10 cnt?
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TABLE 1: Rotational Constants (MHz), Total Dipole Moment (debye), and Its Components on the Inertial Axis and the
Molecular Polarizability (F m 2) of the Compounds Studied for Both the Ground Electronic State (§ and the First Excited
Electronic State (S)

molecular

electronic rotational constant (MHz) dipole moment (debye) 6-31G**  polarizability
compound state A B C u Uas Ub, e (Fm?)

2-phenylimidazole & 3623.6 703.8 594.6 3.35 —0.38,—3.21,+0.90 94.40
S 3461.0 717.6 594.8 3.58 +1.64,—3.13,+0.57 124.64

2-phenylbenzimidazole oS 2371.5 308.3 274.8 3.33 —1.46,—2.90,+0.72 138.27
2302.4 311.9 274.7 3.02 +0.67,—2.95,+0.00 199.04

1-methyl-2-phenylbenzimidazole 0S 1646.3 302.2 265.4 3.71 -1.50,—3.27,+0.90 147.26
S 1571.2 309.7 261.0 3.27 +0.79,—3.15,+0.39 207.73

a All these values have been calculated at the SCF level with a 6-31G** basis set.

TABLE 2: Spectroscopic Summary on Imidazoles SCHEME 5
Stokes’ shift A(Avi)  ASE spike
molecule (cm™) (cm™)2  (dioxane) (nm)
| 2-phenylimidazole (4800)  (1950% 321 -
Il 2-phenylbenzimidazole 3300 640 341
Il 1-methyl-2- 5600 1790 324
phenylimidazole
IV 1-methyl-2- 5000 2300 345.5

phenylbenzimidazole
aThe symbolA(Av12) means difference in band half-width (fwhm) N
for the first absorption band minus that for the fluorescence bznke N
first absorption band for this molecule has a clear indication (cf. Figure
2) of consisting of two superimposed transitions excaggerating the «
magnitude of the datuni.Catalan, J.; del Valle, J. C.; Kasha, M.; °
Claramunt, R. M., manuscript in preparation. S N

(ASE cellL = 0.80 cm). This section will deal with the role The torsional potential introduces Mathieu functions as
of the torsional potential in the ASE laser spike spectroscopy. torsional eigenfunction®. In the Franck-Condon integrals the
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Figure 8. Theoretical potential energy curves for the 2-phenylbenz-
imidazole molecule (cf. theoretical calculations).

effect of these eigenfunction overlaps is to shift the band
maximum far from the origin, as the 0,0 torsional overlap is

Catala et al.

molecules | and II, respectively. These are the classical aromatic
C=C bond lengths. As discussed in the theoretical calculations
section, the deep1®) potential minimum owes its torsional
dependence to overcoming the barrier to double bond twisting.
It will be noted that the entire electronic structure in the excited-
state trends toward a quinonoid structure over the 2-ring
skeleton. These are two such torsional minima in thet&te

in the range 627, one atd = 0°, and the other a@# = 18( .

It is clear however, that when the molecule is excited from
the ground-state minimum & = 20° in these molecules,
although thermal equilibration brings the molecule to a new
minimum at O in the S(0) potential (with the Q) normal
modes following), the torsional potential by itself cannot yield
a lasing mechanism in the present case with torsional potentials
represented by the curves in Figure 8 (curves a and Bigure
1; case B of the Introduction). It is obvious that light emission
from $(6=0°,0'=0)—Sy(6=0°) puts the molecule in Boltzmann
equilibrium with the $(6=20°,0=0). Thus, criterion (c) of the
Introduction conditions is not met, and the torsional potentials
in such a case constitute a 2-level system and which cannot
yield a population inversion. The observed lasing action of the

always zero. Torsional potentials are thus the most common phenylimidazoles must therefore lie in a fundamental mechanism
cause of an enhanced Stokes shift between absorption andnvolving the Franck-Condon governed transitions of the V(Q)
fluorescence maxima, compared with the shift observed for stretching normal modén the dye-molecule laser mechanism

nontorsionally capable molecules. The € band contour also

is affected directly. We refer to these spectroscopic influences

as thetorsional potential modulation effect

(e).
We now examine the torsional mode modulation effect on
the laser characteristics of the molecule 2-phenylbenzimidazole.

It is notable that the ASE laser spikes in the four imidazoles The relationship of the 3$9) and $(6) potentials indicates as
studied exhibit the simplest type of behavior relative to their stated that the torsional mode in this case can only serve as a
originating fluorescence bands: the laser spikes are narrow,modulation not a driving mechanism on the lasing action.
symmetrical and coincide with the fluorescence band maximum.  Table 2 presents a summary of spectroscopic data on the four
This behavior is analogous to the case of the 2-phenylbenzox-imidazoles. Comparing the absorption spectra and fluorescence
azolé-2 but strikingly different from that of the more complex  spectra of Figures-24 it appears that the absorption band for
binary-structured phenyloxazoles, which yield ASE laser spikes 2-phenylimidazole (1) may represent two superimposed elec-
at weaker subsidiary fluorescence vibronic bands. The behaviortronic transitions. Thus, the band half-width (fwhm) and the

is also different from that of the polyhydroxyflavoisvhich
show ASE laser spikes red-shifted of up to 1000 ¢melative
to the normal fluorescence maxima.

Torsional Mode Modulation Effect on Lasing. The

Stokes shifts for this molecule are exaggerated and are placed
in parentheses. lItis clear, that the presence of a torsional mode
greatly broadens the apparent first absorption band, and shifts
the Franck-Condon maximum away from the band 0,0 origin.

schematic potential curves of Figure 1 show contrasting casesThis latter effect appears in an enhanced Stokes shift. However,

of torsional potentials, bothe®) and S(0) potentials having
shallow minima (curves a and)aor both $(0) and S(6)
potentials having deep minima (curves b and with barriers
in these latter cases far abok&.

The theoretically calculated potential for 2-phenylbenzimi-
dazole is given in Figure 8. The ground-staiehas a very
shallow torsional potential, with a minimum (cf. Scheme 4) at
0 = +20°, lying 0.33 kcal/mol (115 cmt) below the value at
6 = 0°. One could expect a second minimuméat —20°,
with an energy equivalent to the minimum &t = 20°.
However, the computational procedure is carried out for the
skeletal geometry relaxed only to the angle= +20°, so the

the torsional potential calculation for these molecules clearly
indicates a relatively flat torsion potential in the ground elec-
tronic state. Therefore, we conclude that although the excitation
of the torsional mode in the excited state of molecules | and I
modulates the ASE lasing action and imparts a very substantial
Stokes shift £3000 cnt?) to the laser spike (measured on the
ASE spike displacement from the-€ absorption maximum),

it cannot constitute the laser driving mechanism.

Torsionally Induced ASE Laser Mechanism. In the simple
torsional-modulation laser mechanism case it was shown that
although the first absorption band in such molecules has a
considerably greater band half-widttv,,, (fwhm), the corre-

equilibrium symmetry of the potential does not appear, and the sponding fluorescence band is generally much narrower and

barrier maximum is not defined. There are two other minima
expected aff = st &+ 20° in this periodic torsional potential. As
explained in the theoretical section, the origin of the low barrier
for torsion in this case is in the phenyl ortho-H-atom repulsion
with nitrogen-H atom of the imidazole ring, which spatially

usually exhibits more vibronic structure. Table 2 summarizes
the comparisons for the four imidazoles. This general feature
of greater absorption band half-width and general obliteration
of vibronic structure comes about from the superposition of
Franck-Condon overlap integration in torsionally capable

represents a weak steric and protic repulsion. The inter-ring molecules over both torsional eigenfunctions and stretching/

C—C bond length (Scheme 4) in the, States is 1.475 A
approaching the classic - bond length of 1.54 A for

bending vibrational eigenfunctions of the upper state S
However, as would be clear from Figure 1, molecules such as

unsaturated aliphatic molecules, corresponding to nearly purel and Il, having very shallow &orsional potentials (cf. Figure

single-bond character.

The excited states ;Showever exhibit coplanarity with
potential minima at = 1.9° for 2-phenylimidazole (1) and0
for 2-phenylbenzimidazole (ll, Scheme 4). The inter-ring@©

8 for 1), cannot develop population inversion dominated by

the torsional mode. Therefore, only a dominant normal vibration
mode is available to develop a four-level, two-state mechanism
for lasing action. The torsional mode serves in that case to

bond lengths here are calculated to be 1.389 and 1.395 A for merely enhance the apparent Stokes shift of the ASE laser spike
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Figure 9. Theoretical potential energy curves for the 1-methyl-2-
phenylbenzimidazole molecule (cf. theoretical calculations).

relative to the absorptiofmax In contrast, molecules 11l and

J. Phys. Chem. A, Vol. 101, No. 29, 199291

It was found that molecules | and Il, for which the theoreti-
cally calculated potentials showed only a shallow minimum for
the $ ground state and a somewhat deeper minimum for the
S; excited state. These torsional potential relations resulted in
only a modulation, exhibited as a large Stokes shifBQ00
cmY) of the vibronically driven lasing action. In contrast,
molecule 11l and molecule 1V, for which case the theoretically
calculated torsional potentials exhibited deep minima in both
the ground-stategand the first excited-state; @re interpreted
to follow a torsionally driven lasing mechanism, with a Franck
Condon type “Stokes shift” of 5000 crhor more, measured
as absorptiortfluorescence peak displacement, with a corre-
sponding displacement of the ASE laser spike from the
absorption band £C maximum.
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