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A large solvent polarity effect on the rate of singlet to triplet intersystem crossing (kgT) has been observed in the car-
benes, diphenylcarbene (DPC) and dicycloheptadienylidene (DCHD). It is found that both kST and the enesgy splitting
(aEgT) separtaing the singlet and triplet states decrease as the solvent polarity increases for the aromatic carbenes. This
“inverse™ gap effect, i.e. the time for intersystem crossing decreases with increasing energy gap, is explained by an off-
resonance intersystem crossing from the singlet to a sparse triplet vibronic manifold characteristic of a small energy gap.
The trend in A Eg, which is proposed to be responsible for the variation in kgt for DPC, DCHD and structurally related
aromatic carbenes, is suggested to arise from the variation in the bond angle of the central methylene carbon atom.

1. Introduction

Of crucial importance in determining the spectros-
copy, dynamics of energy relaxation and chemistry of
carbenes are its two lowest electronic states [1—4].
The nature of these electronic states is dependent on
the groups R; and R, attached to the central carbon.
For aromatic carbenes it is generally found that they
have a triplet ground state [5—7] with a closely neigh-
boring singlet state. The occupancy of the non-bond-
ing molecular orbitals of the carbene determines the
multiplicity of the state as shown in scheme 1.

The intramolecular dynamics of aromatic carbenes,
the subject of this paper, is dominated by intersystem
crossing between the lowest singlet and ground triplet
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Scheme 1. Electronic configurations of lowest singlet (¢)2
and triplet (o) (z)! states of carbene.
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states. In the solvent acetonitrile at room temperature
we found for diphenylcarbene (DPC) that the inter-
system crossing time, ks—%, from the singlet to the
triplet was 310 ps and the reverse triplet to singlet
crossing time, k—fsl, was 90 ns {4]. On obtaining these
kinetic results for DPC in acetonitrile, one would like
to know how applicable these findings are to other
solvent environments, i.e. to what extend does-the sol-
vent affect the intramolecular spin conversion dynam-
ics of the carbene? Prior to this work it was generally
assumed that the solvent had no effect on the carbene
spin conversion rates. A further aspect of this study
seeks to address the issue of the relation of the carbene
structure to the dynamics of intersystem crossing. To
this end the singlet to triplet relaxation in the aromatic
carbene dicycloheptadienylidene (DCHD) was studied.
DCHD is akin to DPC in having two phenyl groups but
differs in having them restricted by a connecting
ethylene bridge.

The approach used in the measurement of intersys-
tem crossing was laser-induced fluorescence following
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Scheme 2. Laser-induced fluorescence technique to measure
growth kinetics of ground triplet carbene.

photodissociation of the carbene precursor, given by
scheme 2. -

2. Experimental

The laser-induced fluorescence experiment has been
described previously [8]. Briefly the output of a pas-
sively mode-locked Nd/YAG laser (1064 nm, 25-30
ps fwhm) was frequency tripled (355 nm) and qua-
drupled (266 nm) to produce the probe and excitation
pulses respectively. The carbene is generated in the
singlet state by excitation of the diazo compound at
266 nm. The formation of the carbene in its ground
triplet state was monitored by laser-induced fluores-
cence using a weak probe pulse (266 nm for DPC and
355 for DCHD) at various time delays. All solutions
were flowed under a nitrogen atmosphere, at 298 K.
Rate constants were determined by minimizing the
standard deviation between the data acquired and a
single exponential rise convoluted with the pump and
probe laser pulse widths.

Diphenyldiazomethane was prepared by base-
catalyzed oxidation of the hydrazone using HgO [9].
Diazodibenzocycloheptadienylidene was prepared
from the corresponding tosylhydrazone [7]. Both
diazo compounds were subjected to several recrystal-
lyzations from pentane until satisfactory melting points
were obtained. All solvents were freshly distilled under
nitrogen before use, except 3-methylpentane which
was purified by passage over neutral Al,0O5.
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3. Results and discussion
3.1. Solvent effect

To explore the effects of solvent perturbations on
intersystem crossing the singlet to triplet rate con-
stant kgt of DPC was measured in a series of solvents.
As shown in fig. 1 the intersystem crossing rate de-
pends strongly on the choice of solvent [10]. In iso-
octane, a non-polar hydrocarbon, the time of inter-
system crossing, kng, was found to be 95 ps, a factor
of three faster than in acetonitrile (310 ps). For the
wide range of solvents used, it turned out that there
was a clear ordering between the rate of singlet to
triplet conversion and the polarity of the solvent, the
the rate being larger in the less polar solvents. It is
found that log(kgt) sacles linearly with solvent polar-
ity as measured by the solvent polarity parameter
£1(30) [11]. No correlation was obtained with other
solvent parameters which could be related to possible
carbene—solvent complexes or parameters such as vis-
cosity which could influence the dynamics of the
structural change in the transition from the singlet to
the triplet. The variation of kg over a limited tem-
perature range is also shown in fig. 1. If the origin of
this dependence is a barrier the height would be roughly
600 cm—1. However, we recognize that the solvent
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Fig. 1. Intersystem crossing rate of DPC as a function of the
solvent polarity parameter E(30).



Volume 110, number 5

polarity increases with decreasing temperature. Thus,
the temperature effect could be due to the tempera-
ture-dependent polarity altering K¢y rather than the
presence of an activated process. We measured the
E1(30) over the same range of temperature and cal-
culated how kgt would change, the solid line is the
calculated curve. We conclude from the agreement
shown that the temperature dependence can be ex-
plained by the temperature effect on the solvent po-
larity, and therefore that there is no barrier for singlet
to triplet crossing or at most a very small one.

3.2. Effect of structure

To determine if the marked solvent polarity effect
on singlet to triplet energy relaxation was peculiar to
diphenylcarbene we studied another aromatic carbene,
dibenzocycloheptadienylidene (DCHD). This molecule
is similar to DPC, differing by an ethylenic bridge
which connects the two phenyl rings to the central
carbon atom. One effect of the restricting —CH,—
groups in DCHD is to increase the angle between the
central carbon and the connected phenyl rings relative
to DPC. Results of the laser-induced fluorescence ex-
periment for DCHD are shown in fig. 2. From our
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Fig. 2. Laser-induced fluorescence of DCHD in tetrahydro-
furan at 298 K as a function of time delay between 266 nm
excitation and 355 nm probe pulses. The solid curve is a cal-
culated fit. -
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Fig. 3. Intersystem crossing rate of DCHD as a function of the
solvent polarity parameter £1(30).

measurements of kgt in a variety of solvents we find
that DCHD also manifests an exponential dependence
of kgt on the solvent polarity parameter £4(30),
hence giving the linear relationship shown in fig. 3.
The slopes for DPC and DCHD differ but the same
exponential dependence of kg on £4(30) is seen.
Related to these observations is a recent and most
interesting report on another carbene which is in
agreement with the solvent trend reported here.
Fluorenylidene in solution at room temperature

was observed to have a faster intersystem crossing

in the non-polar solvent cyclohexane than in the
polar solvent acetonitrile [12]. From these various
studies we can conclude that the solvent does indeed
play a key role in singlet—triplet relaxation in aromat-
ic carbenes, due to the sharp differences in the polar-
ities of the lowest singlet and triplet states.

To describe the effects of solvent polarity on spin
conversion in carbenes consider the electronic nature
of the singlet and triplet states. The singlet state, with
both non-bonding electrons localized in the same
(0)2 orbital of the central carbon, will be significantly
more polar than the triplet state (¢)1(7)! [10,13]
(scheme 1). It is, therefore, to be expected that the
polar singlet will be strongly stabilized, i.e. lowered in
energy in the more polar sclvents, whereas the less
polar triplet will experience less stabilization. This
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differential stabilization between the singlet and trip-
let would, therefore, result in the singlet—triplet ener-
gy gap decreasing as the solvent polarity increases.
This prediction that the singlet—triplet energy gap is
larger in the non-polar than in the polar solvent was
confirmed experimentally in DPC. We found from
measurements of DPC in non-polar isooctane that the
energy gap is 1400 cm™! compared with 950 cm—!
for polar acetonitrile [4].

The issue now becomes why intersystem crossing,
which involves the conversion of electronic energy of
the singlet into vibrational energy of the triplet, in-
creases in rate as the energy gap increases. Thisis a
seemingly surprising result in that intersystem cross-
ing unusually decreases as the gap increases, at least
for large gaps. The key factor may be that the aromat-
ic carbenes are in a small energy gap domain. The
consequence of the small energy gap is that there is a
sparse manifold of triplet vibronic states (ground trip-
let plus vibrations) with which the singlet is effectively
couplet [14]. The appropriate description is an off-
resonance coupling between Sy and a number of trip-
let vibronic levels [15], as given by

where (fgg)s1; is the spin—orbit coupling between
the initial singlet state and Ty, one of the triplet vibra-
tional states, I is the width of Ty due to its coupling
with the solvent and the average is over the initial
singlet state distribution. The vibrations in the triplet
which provide the coupling with the singlet are in turn
coupled to other vibrations in the molecule and the
solvent background. The structure of these triplet vi-
bronic levels becomes increasingly congested in the
neighborhood of S; as the energy gap increases, due
to the possible contributions of higher-frequency
vibrations and due to the decrease in the spacing be-
tween the triplet vibronic energy levels as the energy
gap increases. Accordingly the rate of S; - T inter-
system crossing increases.

This physical picture for the inverse energy gap ef-
fect is consistent with observations of singlet to trip-
let intersystem crossing in three different aromatic
carbenes. They are diphenylcarbene, dicyclohepta-
dienylidene and fluorenylidene. In each case it is
found that kg is largest in those solvents for which
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the carbene has the largest singlet—triplet energy gap.
This description is not anticipated to be applicable
when the energy gap increases beyond a few thousand
cm—1. We would expect that as the gap becomes larger
the increasing density of vibronic states in the triplet
manifold which couple to S; will lead to a declining
importance of the inverse gap effect. When the energy
gap becomes large we anticipate approaching the usual
energy gap effect found in the statistical limit, i.e. the
rate of S — T intersystem crossing decreases with in-
creaseing energy gap due to poorer Franck—Condon
factors [14].

Comparing the intersystem crossing rate kgt for
the three aromatic carbenes for which there is data
we can consider the effects of carbene structure on
the spin conversion process. The values of kgt ina
given solvent are in the order kgp(DCHD) > kg1 (DPC)
> kgp(FL). The same ordering is found in the
magnitude of the energy gaps AEgp(DCHD,
~1700 cm~! [16]) > AEgT(DPC, 950 cm~! [4])
> AEgp(FL,~600 cm™1 [12]). The origin of the
ordering of the kg values could be simply due to the
differences in the spin—orbit matrix elements in the
three molecules. However, it is tempting to speculate
that the major factor is the energy gap, i.e. the larger
the energy gap the faster is the intersystem crossing
kgr- As AEgT increases the greater congestion of
triplet vibronic states that are couplet to Sy results
in larger kg values. This is the same physical picture
used to explain the solvent effect on the kg values
for each of these carbenes.

To understand the origin of the variation of AEgy
and thus that of kg1 we consider how the different
geometrical structures could alter AEgy. Theoretical
calculations on DPC indicate that the singlet—triplet
splitting decreases as the angle defined by the two
bonds to the central carbon decreases [17]. Qualita-
tively as the molecule goes from a linear towards a
bent geometry, i.e. the central angle decreases, the
percent 2s character in the orbital increases thereby
lowering the orbital energy. In addition it is found
that the singlet (0)2 is more stabilized than the triplet
() 1(m)! leading to a decrease in energy gap as the
angle decreases [17]. The evidence that supports an
increase in the central angle in the series DCHD >
DPC > FL is obtained from EPR data [18]. The val-
ue of the zero-field splitting parameter |£}/hc, which
is 2 measure of the deviation of the spin—spin inter-
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Fig. 4. Plot of A EgT versus [E1/hc various carbenes.

action from cylindrical symmetry in the spin dipole—
dipole Hamiltonian, is an indication of the 2s charac-
ter in the orbital. Crude estimates of 2s character can
also be obtained from the ratio of the |E|/|D] values
where |D|/hc is proportional to the separation of the
unpaired spins. It has been previously noted that
|E1/hc and |E|/|D| decrease as the bond angle in-
creases and is therefore a measure of the decrease in
the percent 2s character in the non-bonding ¢ orbital
[18,19]. As shown in fig. 4, AEgy increases as |E|/hc
decreases, showing that an increase in bond angle could
be the structural change responsible for the change in
AEgT.

Another carbene that is important to consider in
the present context is 9-mesityl-9,10-dihydro-9-
boranthrylidene (BA). Measurements of the |D}/hc
and |ElfAc values (0.360 cm—! and 0.0156 cm™!,
respectively) for BA [20] are similar to DCHD, imply-
ing similar bond angles for the two carbenes. If bond
angle is a critical parameter determining the energetics
and spin conversion rates of the carbene, as we have
suggested, then both BA and DCHD should have
roughly similar values for AEgy and kgp. This indeed
appears to be the case. Studied have yielded an upper
limit on intersystem crossing given as kg of > 1 X
1010 s—1 [20] (the same as DCHD, tablel), and an
estimate of =>5.2 kcal/mole for AEgy [20], also sim-
ilar to DCHD. BA thus fits squarely within the frame-
work of a strong dependence of the energy gap and
corresponding relaxation rates between the singlet
and triplet states to the carbene bond angle.
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Additional evidence that the energy gap increases
as the carbene assumes a more linear geometry can be
offered by way of considering the difference in the
spin-state-dependent chemistry observed for the var-
ious aromatic carbenes. For example comparison of
the reaction rates of DCHD, DPC and FL with a num-
ber of different carbene quenchers has provided evi-
dence that both DCHD and DPC have a larger energy
gap than FL [21]. Finally, dimesitylcarbene (DMC)
is another example of an aromatic carbene where the
bond angle is proposed to be of key importance in
determining its energetics. It has been found [22] that
DMC has an exceedingly small | E|/hc value (0.0082
cm—1) which again argues for a more linear structure.
A more linear geometry for DMC is reasonable if one
considers the steric repulsions between the mesityl
groups bonded to the central methylene carbon. The
reactions of DMC are shown to occur predominantly
from the ground triplet state suggesting that the higher
lying singlet state may not be thermally accessible, i.e.
it has a large AEgt. Interestingly, if one were to ex-
tend the linear relationship between 1E1/hic and AEgy
(as given by fig. 4) down to the low |E|//ic value ob-
served for DMC, then one would expect DMC to have

Table 1
Intersystem crossing time of DCHD in various solvents at
298 K

108 gy  ET(30)®)
o) (kcal/mole)

Solvent

3-methylpentanc  1.66 % 0.06  30.9

tetrahydrofuran 1.54 £ 0.05 37.9
1,3-dioxolane 1.33+0.06 43.1
" acetonitrile 1.25+ 0.06 46.0

a) See ref. [11].
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an energy gap of =8—9 kcal/mole, which would be
entirely consistent with its reported chemistry [22].

4. Conclusions

Using picosecond laser techniques we have observed
a large solvent effect on the intersystem crossing rate
constant kgt in the aromatic carbenes, diphenylcarbene
(DPC) and dicycloheptadienylidene (DCHD). The
solvent polarity is the dominant feature responsible
for changes in kg. It is found that the singlet—triplet
energy gap changes with polarity and thereby aiters
the intersystem crossing dynamics. Increasing polarity
decreases the gap which leads to a slower rate constant
kgt. This “inverse™ gap effect, i.e. the time for inter-
system crossing decreasing with increasing energy gap,
is explained by an off-resonance intersystem crossing
from the singlet to a sparse triplet vibronic manifold
characteristic of a small energy gap. In comparing the
intersystem crossing rate constants of the three differ-
ent aromatic carbenes DPC, DCHD and FL in 2 com-
mon solvent we find that the intersystem crossing
time scales inversely with the singlet—triplet energy
gap. This is the same trend of kg with the solvent-
induced changes in energy gap we have already noted
for each of the carbenes. This trend in AE st values,
which is proposed to be responsible for the variation
in intersystem crossing (kgy) as well as chemical reac-
tion rates, for a series of structurally related aromatic
carbenes is speculated to arise from the variation in
the central carbon to ligands angle.
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