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In this paper we provide a model for the theorstical calculation of radiative triplet properties of aromatic mole-
cules containing a triple bond. Such molecules have special low-lying electronic states with the symmetry properties
of a onr”-state. These states are caused by electron promotion from an “in-plane #-system" (quasi n-system), which
is highly localized at the triple bond, to the aromatic m-system and vice versa. It is shown that these states lead to
one-center spin—orbit integrals and therefore are highly active in radiative triplet decay. Theoretical and spectroscopic
investigations of ethynylbenzene show that the radiative properties of the lowest triplet state, such as phosphorescence
yield, emission spectrum and degree of polarization ¢an be explained not only qualitatively but also quantitatively by
1estriction to these states {quasi #-model). The theoretical evaluation of the radiative rate was done with respect to
individual promoting medes. It is shown that the first order rate (at the equilibrium position of the molecule), thaugh
allowed by symmetry, has nearly no influence on the radiative lifetime. As a consequence the first transition in the
phosphorescence emission cannot be assigned as the 00 transition.

1. Introduction

The dynamic properties of the lowest triplet state
of molecular systems have been studied with great
effort in theory and experiment during the last few
years [1,2]. The aromatic hydrocarbons have been the
main objects of these studies. Theoretical models have
been developed which successfully explain the depen-
dence of the rate of the radiationless decay on param-
eters like energy gap, variations in geometry and special
vibrations.

Contrary to the radiationless decay, the theoretical
treatment of radiative transitions from the lowest trip-
let state has been known formally for many years.
However, quantitative calculations do in general not
succeed in explaining the observed phosphorescence
yield and triplet lifetime. This is mainly due to a lack
of exact information on the rate determining an*~ or
no”—states. Only if the radiative rate is mainly gov-
emed by one or a few such states, on which more de-
tailed information is available, are we in a better situa-

" tion. For example, Veeman and van der Waals [3],
and earlier Goodman [4] obtained relatively good

results in the case of aza-aromatic systems, where the
rate is determined mainly by nm”— states.

We now wish to show, that there exists another
group of molecules for which a very accurate theoret-
ical description of the radiative properties of the lowest
triplet state can be achieved: unsaturated molecules
containing a conjugated triple bond.

As a first example, we present results for ethynyl-
benzene. This molecule has a very useful symmetry and
there is also a lot of experimental information available.

2. Basic theory

The fundamental equation for the radiative triplet
decay is given by the expression (atomic units)

T:asii = kmd = _;. 3 Zp; Kx§o ,‘PSOTI (Q)ix‘%! ){2_ 4]

The sum v runs over all the vibrationat states x§° of

- the electronic ground state. Pg_t, is the electronic

transition matrix element



‘320 R S. Frledn'ch er al, Radiative properties of unmrumred molecula containing a tnple bond -

o z[sw rr,)crun
SoT' )" @~ @

" <s°|p|s',><s.,|Hm|Tl> g
"B 05,0 ] @

p is the momentum operator, which one has to use in
evaluating matrix elements of forbidden transitions
[5]. The zero-order states are chosen to be pure
adiabatic spin states.

Since Py oT (Q) is a slowly varying function in Q,
expansion to ti’le first order of a power series around
the equilibrium position Q = 0 of the molecule in the

- ground state S, should be sufficient.

©
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The spin—orbit operator H, is used in the one-particle
approximatjon (u denotes the atomic center):

Z X T.T
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where Z,, has the meaning of an effective core charge.
If the matrix elements of H _ are reduced to integrals
over molecular orbitals,

(S IH T~ [ar g, O R, 8 @

and the MO’s ;and 9, are represented in an LCAO
. basis set, one gets one- , two- and three-center integrals.
- Numerical evaluation of these integrals with Slater-type
orbitals (STO’s) shows, that there is an unequivocal
order in their size [6]: one-center spin—orbit integrals
-(OCSOI’s) exceed the more-center integrals by at least
~one order of magnitude. Therefore the possible cou-
- pling mechanisms are nearly exclusively governed by

. OCSOI’s. Consequently, from all the intermediate states

only those have to be taken into account which yield

a contribution via 0CsQOr's (one-center approximation). -

" -From

B 0,029, €0 =~ £ €,)02p, G ix,yz cyclic, (5)

" it is easily verified, that OCSOI’s will appear only if the

atomic orbitals are geometrically orthogonal. This condi-

“tion implies, that one of the MO’s & @4 has to be sym-

metric to the molecular plane, if the other is a w-orbital.
Therefore the intermediate states have to be of o7”-type
ifT isa an"-triplet.

The restriction to the one-center approach is
common in the case of an orbitally allowed T, + S
transition [3, 4, 7, 8]. However, these rules have been
recently shown to be valid, even if the transition via
OCSOP’s is forbidden by symmetry in first order, but

allowed in second order via promoting modes [9].

3. The quasi 7-model

If a triple bond is conjugated to a planar aromatic

' hydrocarbon one of the two #-systems of the triple

bond becomes a o-system with respect to the overall
symmetry of the substituted hydrocarbon. However,
the interaction of these g-orbitals with those of the
aromatic ring is expected to be small, due to a large
difference in orbital energies. Therefore, it seems to be
a very reasonable approximation to regard these orbitals
as completely localized in the region of the triple bond.
Due to their behaviour with respect to the local sym-
metry of the substituted zroup we call these orbitals
*‘quasi 7-orbitals” (g-orbitals).

The separation of highly localized “quasi #-orbitals”

- from ordinary g-orbitals is justified by the photoelec-

tron spectra of a series of ethynyl-substituted aromatic
hydrocarbons [10]: if we inspect, for example, the photo-
electron spectrum of ethynylbenzene (fig. 1), we find
two bands (between 10 and 11.5 eV), which undoubt-
edly originate from the triple bond. Compared to
acetylene [17], one of these bands is shifted to higher
energies by interaction with the m-orbitals of the ring.
This band shows a vibrational pattern, which is com-
pletely different from that observed in the free acety-
lene molecule. The vibrational quantum observed -
originates from the vg (a)) (¥c_ccp)-mode (in King's
notation (1. This fact clearly shows, that the orbital
in questxon ‘extends over the whole molecule
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Fig. 1. Photoelectron spectrum of ethynylbenzene.

The other band appears at somewhat lower energies

than in acetylene. However, since one does not observe

any mode which would indicate a delocalization of
the quasi m-system into the phenyl o-system, we con-
clude that the quasi 7-orbitals must be strongly local-
ized at the triple bond. Therefore the observed shift

is nearly exclusively due to an inductive perturbation.
We further assume that there exist excited states
which are mainly caused by electron promotion from
the g-orbital to the 7*-orbitals or vice versa. Such
states, we call gr*-states. As pointed out in the fore-
going section it is easy to verify that qm-states can lead
to one-center contributions in spin—orbit coupling.
Besides, these states are expected to be lower in energy
than ordinary ow-states. Therefore, they should be
highly active in spin—orbit coupling and radiative
triplet decay.

In the next sections we take ethynylbenzene as an
example and show that one is able to describe the
radiative properties of the lowest triplet state by re-
striction to these special states only (quasi 7-model).
Moreover, since the qn-states can be easily handled
within the framework of semi-empirical calculations,
the theoretical results should be fairly accurate com-
pared to calculations using ordinary on-intermediate-
' states

4. Application to ethynylbenzene

To evaluate the radiative properties of ethynyl-
benzene on the basis of the quasi m-model, we need
an approximate knowledge of the ™ as well as of
the qn-states. To obtain this information, we used a
modified PPP treatment in which, in addition to the
normal 7-system, the quasi n-system was taken into
account explicitly.

The choice of axes together with the numben.ng of
the atomic centers is given in fig. 2.

The «y-parameters, which appear in addition to the
conventional PPP treatment, and also the f-parameters
B7x,ax = 1y, 8, for the very short triple bond have not
been used as ad]ustable parameters but were calculated

3 2 '
4 1 7___8
X =C—H——z
5 6 . ) .
v,
y

Fig. 2. Numbering of centers and choice of axes for ethynyl—
benzene.
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-_'Table | R - : L
.PPP pmmeler[eV] 'fo/ SN o Wr>2A

_ A:_oquc_ o .2 3 4 5 6 . T, 8 7 8y,
center : . . .
o1 " 1096 6.89 5.66 4.90 566  6.89 6.89°  5.25 6.5 5.25
. STy ' ’ _ 745 9.40 6.95
By ' ' 695  9.40
B 8= 1458, = Brp0, = a-;yay.ao--z 37
Table 2
MO coeflicients

:emtmic ma ) m3(by) MGz my) qb) b))  m®y) mla)  malby)  mws (b))
nter .

1 -0.5 0.11 0 0.49 0 0 ~0.49 0 —0.11 0.5
2 -0.36 ~0.14 0.5 0.31 0 0 0.31 0.5 -0.14 -0.36
3 -0.29 -0.35 0.5 —0.21 0 i) 0.21 -05 0.35 0.29
4 —-0.26 - -0.44 0 -0.48 (] ] —0.48 0 —0.44 -0.25
1 -041° 0.52 0 -0.25 0.71 0.71 -0.25 0 0.52 —0.41
8 -0.29 0.49 (] -0.41 0.71 -0.11 041 ] —049 0.29
Table 3

Symmetry, energy and Cl coefficients of some states. Note: there exists a state [S"r ] ; degenerate with [S‘:l ] with exactly the same
Cl coefficients

State Symmetry Energy (kK] CI coefficients
n* e
IT ) Ay 24.0 078| )—054| )+022|
T -
ql . q-
1s_ T Az 45.8 : 08 17 - 0s61? % +o021 s E
T L)1 m3 L}
. - «
sT 1. B, 69.7 ' %
n : . m
X 1) . . - - -
8%, A, 70.6 0.5119)+061% - 05517)
A | . . - m m3 q
. o : ’ ’ * *

’ ['sq la Ay - B 96.0 01817 y+0.56 1 081 12%)
.. . Ty w3 . me
by a procedure described in ref. [12]. The numerical Within the approximations of this modified PPP-
~ values of all the parameters used in the calculation of treatment, the qn-triplet states are degenerated with
. ethynylbenzene are given in table 1. Parts of the result the corresponding singlet states since the exchange

- are listed in tables 2 and 3. The expemnental spectra integrals, whlch cause the Sphttmg. vamsh

" are shownm ﬁg 3
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Fig. 3. Absorption spectrum and polarized excitation spectrum
of ethynylbenzene.

S. Evaluation of the zero-order term

In a first step, we try to evaluate the contribution to
the transition matrix element (2), which originates
from the zero-order term Pg_t, (0). Since the lowest
triplet state is of Al-symmetry, there are two pos.srble
coupling mechanisms

sa S(BZ\

(ﬂ)

3
J;,x*z,x»x

L,1el,3e2

Fig. 4. Types of three-center integrals considered.

Mechanism I yields a component in the phosphorescence
emission polarized in plane (¥). The corresponding inter-
mediate states have to be of mn"-type. Therefore, the
only non-vanishing spin—orbit integrals are of three-
center-type, defined by

r—rpxV]
Tun =32, [&Pro, ) .---_"_5._’-‘ 0.
r—rgd
Among these, the largest are those between nearest
neighbours, as illustrated in fig. 4. All the conirbutions
from the integrals J; 7, ;47 cancel each other exactly
because of the properties of an alternant hydrocarbon.
The contributions from the integrals J; ;45 1,1 compen-
sate each other, too, but only in part. ’
If we take, as usual [13] a value of 0.33 cm™~1 for
the three-center integrals J; 1,5 ;41 and take into account
all the 25 singly-excited configurations of our modifiad
PPP calculation, we obtain a rate constant according to
mechanism I

=6X 10 %sec™1

Mechanism II yields an out-of-plane component in the
phosphorescence emission. The intermediate states are

of om-symmetry type.
Due to the poor experimental and theorstical know-

ledge of ordinary en-states, it is neasly impossible to

obtain any reliable theoretical estimation of the contri-
bution to the rate constant originating from these states,
Some authors {3, 7, 8] have tried to estimate these con-
tributions by constructing the o-orbitals from AQ’s with
fixed combination of ST 0’s for all centers i In a fur-

_ther appronmauon the cm and no-states are grouped

together to o¢n’-, oy, mod ~and wofy -states, with

" the assumption hiat the energies of thesa statesare well -
. described by mean values Egore, Egyne, Engl and Em*



S 324 . 8. Friedrich et al, Radiative properties of unsaturated molecules containing a triple bond

_ Since there is a strong cancellation of the individual

~terms, kg, 4 depends strongly on the values of the hy-
bridization coefficient and on the averaged values
Eucrr' —Eyo¢ and Eq}, H7 ErroHt

Because of these crude approximations, one cannot
expect to obtain more than an estimation within one
order of magnitude even in favourable cases.

On the other hand, a calculation of the rate accord-
ing to mechanism II by restriction to the gm-states does
not succeed either because symmetry allows only
those of B{ -representation to couple. However, these
states are very ineffective in spin—arbit coupling, since
‘all the onz-center integrals vanish. This statement re-

- sults from the fact that the corresponding a; MO has
zero coefficients at the centers of the quasi m-orbitals.

As a consequence of these considerations we cannot
obtain any reliable theoretical estimate of k5, from the
zero-order term. Therefore, we have to use experimen-
tal information: we start the analysis of the experimen-
tal data with the assumption that the absorption in the
region of the second band (40200 cm—}) is nearly
-completely z-polarized (fig. 3). From the degree of
polarization of the phosphorescence with respect to
the 40.2 kk band (PP,) (see fig. 5), we find that there
is only a small z-polarized component in the phos-
phorescence emission. From the equation [16]

2B =L I3 Gt syt~ 11, ©)
-where PG denotes the degree of polarization, 5, the
fraction of the emission at the wavenumber v, polar-
ized in x, r,, the fraction of the absorption at #1;, polar-
izedinx, it follows that the z-polarized component
does not exceed 6%, except within the gap around
24900 cm™! following the short-wavelength band.
.For further discussion we have to know the polar-

: izétiqn of the absorption in the region of the first band.

The corresponding 0—C transition is allowed by sym-
metry but very weak since it is an Ly type transition.
King and So [11], who carefully investigated the vibra-
tional structure of this “forbidden” band, found that
it gains the main part of its intensity (75%) by bz-\nhra'
tions inducing a z-polanzed component.
* To obtain an estimate of the x-and y- polanzed

" components in the phosphorescence we first assume

. the absorption in the region around 35500 em~!to

. be completely y-polarized. Then it follows from PPy

N XZEd

that about 62% of the mplet enussmn must bex-polar-

o
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Fig. 5. Phosphorescence emission with the corresponding degree
of polarization of ethynylbenzene.

On the other hand, if one assumes as a lower limit
that only 25% of the intensity around 35500 cm~1is
y-polarized, one finds from eq. (6) that the x-polarized
component amounts to 30%. From these considera-
tions we find that the ratio S,;IS certainly does not
exceed 3.

If we use this experimental result together with the
decay rate calculated from mechanism I, we find an
upper limit of the total radiative rate of about 3X10~3
sec~!. To compare this value with experiment we mea-
sured the phosphorescence yield ¢F by comparing the
relative intensities of e'thynylbenzene'and 1,9-diphenyl-

- anthracene. The latter molecule has its emission in the

same energy region as ethynylbenzene and its quantum
yield was determined by Lim to be close to unity [14].

From this we find for ethynylbenzene: ¢F=03+02.
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The high uncertainty is due to the fact, that we did not
correct the polarization effects appearing in our experi-
mental setup.

From fluorescence decay measurement we know

the intersystem-crossing yield ¢jgc to be close to unity.

Using the relation
kg = #°1 GF 4150

and taking 7P from ref. [15], we obtain as a lower limit
kpq =0.04 sec™1, a value which exceeds the calculated
one by at least one order of magnitude.

From this result it seems to be very likely that the
phosphorescence of ethynylbenzene is nearly com-
pletely vibrationally induced. We therefore have to
evaluate the second term of eq. (3).

6. Vibrationally induced processes

To evaluate the second part of eq. (3) we first re-
strict ourselves to the contributions originating from
the quasi 7, 7° ~ intermediate states (quasi m-model).
As already stated, the evaluation of the corresponding
terms should be fairly accurate, because these states
may be well described by our semi-empirical calcula-
tion. Moreover, this restriction seems to be justified
due to the favourable energy denominator appearing
in eq. (2).

Within the quasi m-model the variation of P T,
with the normal coardinates Q is limited to the varia-
tion of the matrix element of the momentum operator
with Q. Then, using the abbreviation

(SoIVIS?" = [2 (S, IVISp/ag,] 2, -

the second-order contribution [eq. (3)] from the
quasi m-states is given by

p. J l ES ETI
-
(SDIHSDIT,)(T,IVIT,)P'] _ @
+ . .
Eq,— Eg

From symmetry arguments it follows that oﬁly
qmr-states lT ) and |Sj) with symmetry A, can contri-
bute an essentlal part, because only the corresponding:

b; (M) orbitals have nonvams}ung coefﬁuents at the :

centers of the quasi 7- -MO’s and therefore can produce

- OCSOF’s in the matrix elements of H . This considera-

tion implies that only promoting modes of symmetry
b, and b, can successfully induce the transition. Be-

" cause of this fact, the emission must be polarized in -

y- and x-directions, respectively. Reduction of the
matrix elements to integrals over MO's yields expres-
sions of the following type: :

Q@ VInP @k lq", Qi) @lvigh,
@lhZ,lQ) @IVIT"P', (mIVIQP (qlhZ In™).

To calculate the derivatives, we assume that the quasi
7-system is conserved during the change of the nuclear
coordinates as illustrated in fig. 6.

The leading contribution to the integrals (gl Vin*)?’
is found to result from the electronic interaction be-
tween centers | and 7. Therefore,

@IViT*P' = cq (e, (1) Cp,, (NIVI2p, (1P .

The mean derivation at the equilibrium position of the
center { in the vibrational grou.nd state of T is defined
by

Qw,)1223/30, ()= (RF - RY 2 M, ©2,) 1R AR,
where the factor (2 w,,)"1/2results from the relation
*3,107 1} )= 1/2 o,

where M; denotes the mass of the i'th-atom and Qp o .
is the value of the mass-weighted normal coordinate at -
center i. R; = (X, Y Z;) denotes the position vector of

center i. The out-of-plane normal coordinates we deter-

~ by—vibration b2—vibrqtion

Fig. 6. Schemal:c rcpxmmalion of the mosl efficient in- planc '

_and out-ot‘ plane promoung modes.
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Tabled

" Promoting mode p’ (by) ' (qP R) : o -,
M, )mx 10* fau) Kl,q4% 10
gy [em™] Pexp [em—!] type | i=1 i=7 i=8 (sec™']
130 : 162 - 7(C-C=0) 835 - 398 —1011 0.13
320 349 7 (C—-CCH) 900 43 — 235 0.51
492 530 - (- ) 614 —360 . 58 0.66
656 613 v (CC-H) 15 -160 392 0.02
690 689 do_c 153 a4 - 39 0.01
732 756 FC—H) 408 - 80 10 0.17
895 . 915 ¥(C-H) 141 - 40 4 0.02
964 985 ¥ (C-H) 18 3 0 0.00

mined from the force constants of the free molecules,
benzene and acetylene. The theoretical frequencies
together with the assignment and the assumed corres-
" ponding experimental values are listed in table 4.
For out of plane vibrations of symmetry b, we
finally obtain (see appendix)

X _

' : ¢
@p,, (MY, 28, (' == 5 (2, (1%, I2p, (1)

Application of the relation (see appendix)

@p, (DY, I2p, AP

=Ry7 [@p_(Mi2p, (1) —2p, (Ni2p, (1,
together with the values
Ry =145 A, £c=1.625,2p, ()i2p, (7 =022,
@p, (Ni2p, (7)=0.33
yields

@p_(DIV 12p, (1)) =0.21 au.

. Taking the values of the MO and ClI coefficients and
the energies listed in tables 2 and 3 as well as the mean
‘deviation of the equilibrium position at centers 1, 7 and
" 8 given in table 4, we obtain a radiative transition rate

fory-polarized emission of

k4= 0.015 sec™!

-Frdﬁl table .4 it follows that about 80% of Iond is caused .

by the b;-vibrations ¥ (C—CCH) and ¢ _c with
v =350 cm~!and ¥ = 530 cm™1, respectively.

For the b, in-plane vibration § (C—CCH) which is
degenerated with v (C—CCH) (v = 350 cm—1) one
obtains a similar expression

@p, (NIV, 12, (NP
[Y’%' ni W] -Y’ﬁ'] Qp,19,12p,) -
+ »
R Rqg M Up-)-lfl_

which yields a radiative transition rate for the out-of-
plane polarized component of the emission of

K: 4= 0.025 sec—!

There might be a contribution to k[,4 from some other
b, in-plane vibrations too, but if the mechanism dis-
cussed here is really the most important one, these con-
tributions should be small and enhancement of k7,4
should be less than a factor 2. The ratio

K g2

is in very good agreement with the data we obtained
from the experimental spectra.
'If one does not restrict oneself to the gn-states, those

. contributions must be taken into account which origi-

nate from ordinary o7 intermediate states. Because of

‘the arguments stated above, however, no accurate theo-

retical estimate of these terms is possible. Moreover,
there appears an additional part to eq. (7) which is not
taken into account within the quasi 7-model. It origi-

nates from the variation of the matrix element of the
spin—orbit operator with Q:
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Two mechanisms will contribute to (7a): the first one
leads to an out-of-plane polarized emission and is
caused by in-plane vibrations. The corresponding inter-
mediate states have to be of on-type. The second one
yields in-plane emission and is caused by out-of-plane
vibrations. The corresponding intermediate states have
to be of na”-type. In the former case the matrix ele-
ment of the momentum operator is expected to be
much smaller than in the latter case. Therefore we
only have to consider the contribution in (7a) induced
by out-of-plane promoting modes.

To evaluate these terms we used a method devel-
oped in an earlier paper [9]. We took into account all
the singly-excited mx"-states of our PPP calculation.
Using the relation

(S, lplSy = ~i £, 6, IS,

we obtained the values of the matrix elements p;and
p; of the momentum operator from the oscillator
strength calculated in the usual way from the PPP re-
sults.

The contribution from (7a) to the y-polarized com-
ponent of the triplet emission, obtained in this way,
amounts to only a few percent. There appears, how-
ever, a considerable contribution to a z-polarized com-
ponent originating from highly excited intermediate
states of 37 -type. Contrary to the low-lying excited
states which are known to be well described by semi-
empirical SCF CI methods we know nothing of the
physical reality of the higher excited states calculated
in this way. We therefore have to regard with doubt
the result originating from our evaluation of (7a). How-
ever, if this result is actually true, the contribution of
(7a), which would lead to a z-polarized component in
the emission, must be nearly.cancelled by a similar con-
tribution of (7) originating from ordinary om-inter-
mediate states. Otherwise we would find a substantial
z-polarized component in the experimental spectrum.

Altogether we find that the main properties of the

triplet emission of ethynylbenzene are well described
by using the quasi m-model: The total rate for the
radiative decay kg = ki + k3, = 0.04 sec—1, as

well as the ratio kT ,/k) ; =~ 2, is in very good agree-
ment with the values we derived from the experimental
results. Moreover, there appeares to be another feature
in the phosphorescence spectrum which confirms our
model contrary to most aromatic hydrocarbons, the
degree of polarization of the phosphorescence of
ethynylbenzene (fig. 5) exhibits nearly no vibronic
structure. The only deviation from a nearly constant
degree cf polarization appears in PP, as well as in PP,
around 24900 cm~! where the intensity of the emission
is very weak. This structural feature is well understood
on the basis of our results: the promoting modes

7 (C—CCH) and g (C—CCH) which yield the largest con-
tribution to the total intensity are degenerate and there-
fore the ratio s, /s, should stay nearly constant. The
positive deviations in PP; and PP, can be due to the
weak z-component in the emission or to completely
polarized scattered light both of which should gain
some dominance in this region because of the dcep gap
in the emission.

Finally, we have to discuss an outstanding conse-
quence of our results: if our interpretation is correct,
the phosphorescence emission of ethynylbenzene is
nearly completely vibrationally induced and the short
wavelength band at 25300 cm~! cannot be the
0-0 transition, as assigned by Laposa [15]. Instead,
this band must be due to the first excitation of the
degenerate promoting modes ¥ (C—CCH) and
B (C—CCH). The 0-0 transition should appear at about
25650 cm—1! but, because of its low intensity, it is
hidden in the short-wavelength tail of the emission.

The assignment given here is further confirmed by
the appearance of the deep gap following the
25300 cm—! band: since the cormresponding transition
is induced by the first excitation of unsymmetrical in-
plane and out-of-plane promoting modes having nearly
parallel potential surfaces in the ground and in the
excited states, transitions which are accompanied by
higher excitations of these vibrations must be nearly
forbidden. The following transitions are combined ex-
citations of the promoting modes (@ = 350 cm—1)
with totally symmetric ring vibrations, such as the
1100 cm~! or the 1500 cm—! mode, and the acetylenic
stretching mode (2200 cm™1).



Usmg theoreucal and expenmental nrguments. we -
_ have shown in this paper that the spectral features of
‘the lowést triplet state of ethynylbenzene,
* time, quantum yield, emission spectrum and degree
- of polarization can be clearly understood on the basis
'_?of a quas ‘n-model. In addition; elhynymenzcne pro-

. vides'an example where, for a radiative process, second- '

order spm—orblt couphng dominates the first order,
N though the latter is not forbidden by symmetry: As a
consequence, the 0—0 band of the phosphorescence
', is'not observed in the experimental spectrum.
. We have also gathered experimental and theoretical

At daman that tha anaci w madal 36 nat Loaitad ¢n
CYIUCHLE Ulal Uiv qu“ an= IllUuGl D VL ullulqu w

ethynylbenzene, but can be used to explam the triplet
" properties of a series of aromatic compevads contain-

-ing a triple bond, such as phenyl-substituted poly-acetyl-

.enes and nitriles. We will discuss these results in a fur-
l.her publication

Note added in proof
Expenmental work by E . L:m{lﬁ] does not provide

evidence for a “hidden” 0—0-transition in unsymmetric

_benzonitriles. Since this result is of some importance
for the applicability of the quasi 7-model to ethynyl-
benzene, we hope to clear up this dxscrepancy by

' spectroscopic investigation of O-dl-ethynylbenzene
This experiment, which is in ‘preparation, should pro-

~videa cruclal test for our ass:gnment
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We want to ahow that

_?'..ﬁ) 3 ap, (7)|v lzp, (1))/ax
=Ry Opy W, 23, (1)>

such as life- "

" 8. Friedrich et aL, Radiative properties of unsaturated molecules containing a triple bond - .- """

' (u) pr (7)l\7 |2p, ay -

=Rt [ep, Mizp, (1)) - pr (7)|2py (1))]
We mtroduce the hemutmn opemtors
‘ =l',_-1 [(z—.z.l'.) .vx _x Vz]’ .
Ll = i‘.l [sz —f_.(z—_z7) vy], -

“which correspond to rotations around the y- and z-axis
at center 1 and 7, respechvely

From -
@p, (7)11.1 V.i2p. (0P=i-1Cp TNV 125 (in
y y y ‘x\l ry\l' y' rz\l

=_j l[(zl—z7) (v, 2p, DIV |2p,, ay
~' Ry7 3 2p, (MIV lsz (1) ax,]

(i) follows.
From -

@p, MIL]i2p, (1) =i~! [@p, (MWV,12p, (1)
—pr(7)|(z—-z,)v 12, ay |
=i! [@p, (O)izp, a —(z— 21)(2P,(7)IV 12p, )]
=il [—qp, (7)121:z M

(ii) fol]ows
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