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Spectral holes were burned within the inhomogeneous (0,0) fluorescence excitation line gH-heransition

of 7H-benz[de]anthracen-7-ylidene in afhexane matrix at 1.7 K. The complicated spectrum of the obtained
holes was interpreted with a model taking into account the zero-field splitting (ZFS) of both the triplet states
contributing to the transition, the enforced planar symmetry of the carbene, and the domination of internal
conversion in the relaxation of the excitedsfate. Analysis of the hole-burning spectra produced the following
ZFS parameters of the ground @nd excited T states: Do = (0.2744 0.001) cm! + E;, Eg = (0.02924
0.0002) cm! + E; andD; = (0.0168+ 0.0002) cm* + E;. The number of possible transitions between
different spin sublevels is reduced as a consequence of the symmetry plane in the carbene and one of the ZFS
parameters, we chose the smallé€st, cannot be estimated. The ZFS parameters of thetdte were also
estimated by conventional matrix ESR and were in good agreement with the results of the hole burning
experiments.

I. Introduction a homogeneous component from the inhomogeneously broad-
ened spectrurf.

Both triplet states, the gTand T, involved in the T—Tg
transition of triplet carbenes are split into three spin components,
in the absence of an external magnetic fielthe hole burning
study allowed us to determine this splitting. The zero-field
splitting (ZFS) parametdd, which can be extracted from these

Carbenes are usually generated by photolysis of diazo,
diazirine, and/or ketene precursors with visible or UV light.
These molecules are of interest because they contain two
nonbonding electrons to distribute into two nonbonding mo-
lecular orbitals. Thus, depending on the molecular structure,

carbenes may have either a_triplet_or singlet electronic ground studies, depends on the spatial distribution of two unpaired
state. Valuable spectroscopic studies have been performed OMjectrons, and its value provides important information on the

car{ognes |rtnmob|I|zeq mt rigid ortganlc qll_asses atntéli.ShpoI |Sk('j' distribution of spin within the triplet carbene. This can explain
matrixes at cryogenic temperatures. ese studies Inciu ereactivity differences between the ground and excited states of
electronic, fluorescence, and magnetic resonance SPectroscopy, carbend.Furthermore, the number and shape of the holes

of carbenes which are persistent in the low temperature matrix. burned depend on the molecular symmetry of the carbene as
This work provides |r_1format|on_ on the ground state multlpllc!ty well as on the relaxation channels of the excited state.
of carbenes and their electronic structure. Only carbenes witha™ | L .o e present and discuss the results of a hole-

triplet ground state () have been studied to date by fluores- burning study of a new, rigid, and planar aromatic carbene, 7H-

cence spectroscopy. In the case of singlet carbene;, the energ%enz[de]anthracen-?-ylidene (7-BAC). Due to the symmetry
separation betyveen the grounq a_nd lowest _ex0|ted Smgle.t SFate?)lane the principal spin axigs perpendicular to the plane, has
is small, and this favors nonradiative relaxation of the excitation the s:;lme direction in theoTand T, states. All of the oti1er

energy: _ carbenes studied to date by the hole-burning techriictuerere
Recently, we have showrP that triplet carbenes can be |5cking in symmetry elements; therefore, the present work

successfully studied by burning holes within the inhomogeneous provides new information on how the symmetry plane contrib-

(0,0) line of the 5T, fluorescence excitation transition. Ina | ias to the shape of burned holes. The spectroscopic charac-

low-temperature (1.7 K) Shpol'skii matrix, the/FT. absorp-  terization of the carbene under investigation can be found in
tion of many carbenes are composed of sharp zero-phonon lines ¢ 9 and shown in Scheme 1.

A slightly different environment of each carbene leads to a

distribution _of transition energies and the manlfol_d_ of carbenes || Experimental Section

creates an inhomogeneous profile of each transition band. The o _ _

hole-burning technique has been successfully used to separate 7-BAC was obtained in-situ by the photolysis of the 7-diazo-
7H-benz[de]anthracene precursor (synthesized in the Columbus

* Corresponding author E-mail: kozank@ifpan.edu.pl. Fax4§-22) Laborator}?_) dissolved inn-hexane at 4.2 K. The precursor
843-0926. concentration was about 2 10°3 mol/L. Photolysis was
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: Figure 2. The spectrum of holes burned within the inhomogeneous

637 638 63‘9 64IO 64'1 profile of the (0,0) fluorescence excitation line (having a maximum at
. o . 640.1 nm) of 7-BAC inn-hexane at 1.7 K. The spectral positions of
Figure 1. The (0,0) fluorescence excitation inhomogeneous lines of e holes are given with respect to the frequency of the laser burning

the main sites of 7-BAC im-hexane at 1.8 K. light. The presented spectrum was obtained under the following
SCHEME 1 experimental conditions: wavelength of the hole burning ligt&40.04
nm, burning intensity= 8 mW/cn?, and burning time= 5 min.

900
O

7-BAC

0.8

performed with either the 366 or 404 nm line isolated from a
mercury lamp. All samples were degassed by the freeze

pump-thaw technique before being inserted into a liquid helium 06 ] it B
cryostat. 2EE)

Hole-burning experiments (in the Bordeaux Laboratory) were \ . A A
performed using a single-mode dye laser Coherent, Model No. 2 -1 0 1 2
CR 699-21, having 43 MHz frequency resolution and 30 GHz frequency scan [GHz]

scan width. The lasing dye was Kiton Red. The laser light Figure 3. The central part of the spectrum of holes presented in Figure
intensity was stabilized by an electrooptic modulator Conoptics, 2.
Model Lass-1l. The fluorescence emitted from the sample was
collected by an achromatic lens and focused on the slit of a % =637.56mm
small monochromator. This monochromator was used to select e

the most intense vibronic lines of carbene, displaced 1315 to
1345 cnt! from the (0,0) origin of the fluorescence. The
scattered excitation light was further removed with a RG665
Schott glass filter. Fluorescence intensity was determined in the
photon-counting mode by using an RCA photomultiplier, Model
No. 31034-A02, cooled te-20 °C.

Electron spin resonance (ESR) spectra (in the Warsaw
Laboratory) were acquired with a Bruker ESP 300 E spectrom- e ey
eter equipped with a standard [pEcavity, Model No. ER 4102 4 6 4 2 0 2 4 6 8
ST (microwave frequeney9.42 GHz). An Oxford Instruments frequency scan [GHz)
helium gas-flow cryostat, Model No. ESR 910, combined with Figure 4. The spectrum of holes burned at the top of the inhomoge-
a Temperature Controller, Model No. ITC 503, allowed the neous (0,0) fluorescence excitation line (with a maximum at 637.6 nm)

sample temperature to be varied in the 2.7 to 300 K range. of 7-BAC in n-hexane at 1.7 K. The spectral positions of holes are
given with respect to the frequency of the laser burning light. The

presented spectrum of holes was obtained under the following

experimental conditions: wavelength of burning light637.6 nm,
7-BAC in an n-hexane matrix mainly occupies two sites burning intensity= 80 mWi/cn#, burning time= 30 min.

leading to two (0,0) fluorescence excitation spectra origins with

maxima at 640.1 and 637.7 Arand full width at half maximum hole, at the frequency of the burning laser light, had a fwhm of

(fwhm) of 4.6 cnt!, as shown in Figure 1. Hole burning about 60 MHz and a depth reaching 40%. Several narrow

experiments were performed on both of these lines at 1.7 K substructures, having fwhm similar to that of the central hole,

and typical hole spectra are shown in Figures42 appeared around this hole in the frequency range betw&en
Within the inhomogeneous (0,0) fluorescence excitation line and+2 GHz (see Figure 3) and in the broader frequency range

at 640.1 nm, holes were burned with an intensity of burning between— 9 and+ 9 GHz (see Figure 2).

light between 1 and 10 mw/chover a burning time of 100 It was much more difficult to burn holes on the second (0,0)

1000 s. Reading light had usually 10 times lower intensity. The fluorescence excitation line at 637.7 nm. We had to use a laser

spectrum obtained was composed of several holes locatedburning intensity as high as 80 mwW/émnd a burning time as

around the central hole, as shown in Figures 2 and 3. The centralong as 30 min in order to create the central hole to a depth of
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Figure 5. Energy level schemes and absorption transitions of 5 groups of carbenes which can contribute to the observed spectrum of holes. The
thick lines indicate the transitions resonant with the frequency of the laser burning light. Predicted spectrum of holes is shown at the bottom of the
scheme.

less than 4%. The signal-to-noise ratio was low and only the burn holes can be absorbed by 5 groups of carbenes, those that
deepest satellite holes could be identified in the spectrum, ashave their 5Tz, To;~T1y, Toy—=T1z, Toy—T1y and Tox—Tax

can be seen in Figure 4. The spectral positions of the corre-transitions resonant with the laser light. Those transitions are
sponding holes were slightly different for both sites of the indicated by thick lines in Figure 5. We used the axes convention
carbene of interest. proposed by Brandon et &P where thez axis passes through

the central carbene atom and is parallel to the line joining the
centers of two adjacent carbon atoms, and ¥hexis is

An energy level scheme which can explain the spectrum of Perpendicular to the plane of the carbene.
holes detected is presented in Figure 5. Laser light which can Two main considerations were included in the drawing of

V. Discussion
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the scheme in Figure 5. First, the absorption transition momentsfollowing conclusions. The burning efficiency is lower for
are spin-independent; therefore, the absorption rates of differentcarbenes from group 5 (burned via thg T« transition) than

spin sublevels should depend on the projection of the principal
spin axes in the groundyBtate onto the directions of principal
spin axes in the Texcited state. The 7-BAC carbene contains
a symmetry plane and the direction, perpendicular to that
plane, is preserved in the @nd T; states; whereas the directions
zandy in the To can rotate to the new directiomsandy' in

the T; state. Consequently, the allowed transitions for each
carbene are: T Toy_’le, Toy—’T]_z', Tor—T12 and
Tor~Tuy.

Furthermore, it is well-knownthat there is a much larger
separation of the two unpaired electrons in the excitgdtdte
than in the ground d state. In the § state, both unpaired
electrons are localized close to the central carbene atom
(occupyingo and orbitals); whereas, in the;Tstate, one of
those electrons is substantially delocalized onto the aromatic
ring (occupying arx* orbital). Thus, the average separation
between unpaired electromsjs much larger in the excited state
as compared to that in the ground state. The ZFS, in general
includes contributions from both the dipolar sp#pin interac-
tion and the spirrorbit coupling of the two electrons. For triplet
carbenes containing only first-row atoms, as in the present
example, the spinorbit contribution is small and the spin
spin interaction dominatéd.Consequently, the ZFS parameter
D is proportional tad1/r3[]Jand it is much smaller in the excited
T1 than in the ground J'state, which simplifies the analysis of

that of groups -4, and that the dominant side holes (numbered
by 24, 14, 44, and 34 in Figure 5) correspond to the-TT 1«
transitions. We also conclude that the area of these holes can
provide information about relative burning efficiency of carbene
groups 4. Using the area of thegJ~Tix hole as an indicator,
we find that the burning efficiency of carbene group 1 (burned
by the To,—T1, transition) is slightly larger than that of group
2 (burned by the g—Tiy transition) and that the burning
efficiency of group 4 (burned by thegf~Tyy transition) is
slightly larger than that of group 3 (burned by thgFTy,
transition).

To provide an explanation of these observations, we have to
consider a mechanism of burning holes within the profile of
the (0,0) fluorescence excitation line of 7-BAC. The 7-BAC
carbene seems to be photo stable in low-temperature matrixes
because we were able to study samples containing this com-
pound for many days without any detectable drop of fluores-

'cence intensity, as long as the matrix was kept frozen. The hole

burning process should therefore proceed via nonradiative
relaxation channels, and thus should depend on the amount of
relaxation energy dissipated to the neighboring matrix. This

relaxation energy can change the carbene-matrix local environ-
ment, leading to a new energy minimum. By the same

mechanism, a spectral hole is created at the previous position
of the zero-phonon line of the carbene which is in resonance

the hole spectrum. We can now relate the satellite holes IocatedWith the frequency of the laser burning light. There are two

far away from the central holes (see Figure 2) to the splitting
of the Ty state and the satellite holes located close to the central
hole (see Figure 3) to the splitting of the Jtate.

Spectral positions of the possible absorption transitions (and

holes) as well as the energy separations between the main hole

are shown at the bottom of Figure 5. Upon comparing the

predicted and experimental spectra, we may precisely distinguish

and assign all the transitions. The following energy separations
(as indicated in Figures 2 and 3) can be directly obtained:

2+(E, — E,) = (1.754+ 0.01) GHz
D, — E, = (0.504+ 0.006) GHz
Dy — Eo = (7.346+ 0.03) GHz

In this caseDg andEg (andD; andE;) are the ZFS parameters

D andE in the ground T (and excited ) state, respectively.
The above set of three equations contains four independen
parametersy, Eo, D1, andE;). Therefore, thédg, Ey, andD;
values can only be obtained with a precision equal to the
smallestE; value such that:

D, = (8.223+ 0.03) GHz+ E, =
(0.2744 0.001) cm™* + E,

E,= (0.877+ 0.005) GHz+ E, =
(0.0292+ 0.0002) cm* + E,

D, = (0.504+ 0.006) GHz+ E, =
(0.0168+ 0.0002) cm* + E,

t,

possible channels for nonradiative relaxation of the excitation
energy, T—To internal conversion and#S,—S—Tj inter-
system crossing. The former process does not differentiate
between groups of carbenes. The latter process is known to be
ﬁighly selective and should strongly favor carbenes from the
groups 1 and 2 (which absorb laser light in thgspin sublevel),
as already observed in the case of 2-naphthylphenylcatbene
and 2,2-dinaphthylcarberfeTo explain the pattern of holes
burned in 7-BAC, we have to assume that the dominant
relaxation of the excitation energy in this compound proceeds
via the internal conversion channel. Let us add that unlike our
previous hole burning studies of 2,2-dinaphthylcarb&mes
were not able to detect the formation of any anti-holes. The
formation of anti-holes requires efficient relaxation by the
intersystem crossing pathway, combined with a very long-spin
lattice relaxation time in the ground state.

The above conclusion agrees with the analysis of the
fluorescence decaydJpon fitting the fluorescence decays with
a three exponential function with the same preexponential factor
we found decay time components of 31.2, 42.9, and 4390 ns.
A slightly shorter decay time component corresponds to the
decay rate constant of 3:2 10’ s7%, the other two, very close
to each other, correspond to 2310” s~1. Spin—orbit coupling,
which is responsible for the intersystem crossing transition
(T:—S,), is usually highly selective, and if this channel operates,
one (or two) of the decay rate constants should be much larger
than the other two (one). This is not observed for the 7-BAC
carbene, where all the component rate constants are similar.
We propose that the small (0:9 10" s™1) intersystem crossing
contribution is included in the rate constant %210’ s™* and
that this slightly enlarged rate describes the energy relaxation

The area (and depth) of the holes burned should be dependenof the Tix sublevel. The Tx spin sublevel is therefore partly

on the burning efficiency of the active groups of carbenes as
well as on the transition rates between different spin sublevels.
A close inspection of the experimental spectra (Figure 2) and
the holes predicted from the model (Figure 5) led us to the

deactivated by the intersystem crossing pathway; S—S;—To.

It has already been argued in the case of several triplet
carbene%®12 that the final step in the intersystem crossing
pathway, $—T, leads to selective population of the,Bpin
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sublevel. If this is the case, then carbenes from group 5, oncecondition. To avoid this problem the relative area of holes as a

transferred via intersystem crossing pathway to thejy T function of burning fluence would have to be studied and next,

sublevel, cannot absorb any new laser photons as long as thehe results would have to be extrapolated to zero fluence.

spin—lattice relaxation will not transfer these carbenes back to Another source of experimental error may be due to optical

the Tox Spin sublevel. The spinlattice relaxation time is known  pumping to different spin sublevels of thg Jtate in connection

to be long at 1.7 K;therefore, the number of photons that can  with a long spin-lattice relaxation time at 1.7 K.

be absorbed by molecules from group 5 should be smaller than Using the eqgs 1, 2, 6, and 7 we can easily estimateBhat

those absorbed by the groups of carbened.1As the burning B,:B3:Bs ~ 23:25:26:22. Using the eqs 5 and 12 we estimate

efficiency depends on the number of photons absorbed, it is thatB;:Bs ~ 9:5, and thus we can find the relative number of

reasonable to predict that holes assigned to carbenes from grougpurned molecules from each group of carbenes.

5 are much more shallow than those assigned to the four other From eq 4/eq 5 we can obtafy,-t; = 0.85A,y-ty and from

groups. eq 14/eq 13 thah,y -ty = 0.53A,s°t,. We assumed further that
To more deeply understand the area (depth) of holes burned,z; = 7y, which was already postulated, and thgt= A-[5|S; 3,

we provide a simple kinetic model. We assumed that the numberwhere $and § are spin wave functions of theandj’ spin

of molecules burned from groupwvas given byB; and that the sublevels in the ground and excited triplet states, respectively.

hole-reading process was described by the expression: We easily found thaf$,|S,[@ = 0.54 and$,|S;[2 = 0.65 and
hence, the angle between the principal spin axeady was
A K Ty found to be 42 and between the axesandZz was 36. The
principal spin axey, z, andy', Z are located on the same plane
whereAnn is the rate constant for they =T absorptionk, of carbene; therefore, we expect that both spin axes should rotate

is the radiative rate constant, equal for all the spin sublevels of by the same angle. Some small difference°(42 compared
T1; T is the decay time component of thenTsublevel and with 36°) is due to assumptions used previously to derive the
T is equal to 1K + ki + kisc™), wherekc andkis™ are the formulas and to the experimental error in the determination of
rate constants of the internal conversion (equal for all the spin the areas of the holes.

sublevels) and intersystem crossing, 7S, respectively. Now A detailed kinetic analysis is much more difficult for the
the area (and depth) of holes burned can be approximated bysecond carbene site, with a (0,0) band maximum at 637.7 nm.
the following equations: The spectral positions of holes presented in Figure 4 allowed
us to estimate that:
By Ak, 023 1) 6 0854 0.03) G
D, =(8.085+ 0. Hz+ E, =
B Ak 7, 025 ) o= ( ) ! 9
(0.270+£ 0.001) cm~+ E;
By Ak, U5 3
B B 016 4 E,=(0.80+ 0.03) GHz+ E, =
A ket A ke
Akt By ket (0.027+ 0.001) cm™ + E,
B°A, ket 09 5
Ay KTy ©) D, = (0.54-+ 0.02) GHz+ E, =
B A ket 026 6 _
4 Aack T ©) (0.018+ 0.0005) cm* + E,
B3°Axx'kr'rx 022 (7)
The ZFS parameters, obtained for both sites of 7-BAC in
By A kety + By Ayker, D17 (8) n-hexane are similar, indicating that a matrix contribution to
B A, kT, + Bz'Azy'kr'Ty + Bs'Ayz‘kr'Tz + the spin distribution is small. Nevertheless, the burning ef-

ficiency in both insertion sites was very much different. We
By Ay kety + BerAycket, 154 (9) can speculate that 7-BAC molecules in the 637.7 nm site are

A ke A ke well packed between the parallel chains of theexane matrix,
Brieyhety + ByAy ke, D14 (10) Wherpeas the 640.1 nm sFi)te provides more space for carbene
Bs-Ay ke, U3 (11) reorientation.
BoA -ker. 05 12 Conventional electron spin resonance (ESR) has been suc-
5 AW K Ty (12) cessfully used to determine the ZFS parameters of many triplet
B,<A,, k-7, 08 (13) carbened® We used this technique to compare the ZFS
parameters of the ground triplet state obtained from ESR studies
ByA kT, + ByrAy kT, D11 (14) with those obtained using the hole-burning approach. The
BoA +ker, (2 15 conventional ESR spectrum that was obtained is shown in Figure
3" Aoy ke Ty (15) 6. The experimental conditions were as close as possible to that
Bs-A,, k7, 04 (16) employed during our hole-burning experiments, despite the
different technical requirements of both techniques. The diazo
Bs-Ayker, 02 a7 precursor concentration was aboutx210-3 mol/L (close to

the experimental low concentration limit required in ESR

The relative area of holes burned (estimated from the experiments) and the experiment was performed in a polycrys-
experimental holes and given on the right side of the above talline matrix ofn-hexane at 3.5 K. The spectrum was composed
equations) differ in different spectra (within the range of 20% of several sharp lines. We identified and assigned, according
for the deepest holes), and therefore, the values of estimatedo ref 14, the following lines as the resonance field positions of
rate constants are the subject of high experimental error. We7-BAC: z; (497 and 529 G, probably corresponding to two sites
should also warn the reader that the observed holes are deepf the carbene), (4236 G),y, (4878 G), and», (6171 G). The
and therefore may have been obtained at the fluence saturatiomesonance field of 3362 G corresponds to a free radical impurity
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Figure 6. ESR spectrum of 7-BAC im-hexane at 3.5 K. The arrows
indicate resonance field positions assigned to zhex, y,, and z
components of the carbene’s spectrhandz" lines are assigned

to two different sites of 7-BAC.

and the resonance at 1654 G is the half-fieddls = 42,

transition of the triplet carbene. Strong lines at 2940 and 3628 B

Kozankiewicz et al.

symmetry plane in the carbenes which reduced the number of
possible transitions between different spin sublevels (and thus
holes). The ZFS parameters of carbenes located in the other
site of the Shpol’skii matrix oh-hexane are slightly different:

Do = (0.270+ 0.001) cnit + E;, Eg = (0.027+ 0.001) cnvt

+ Ej, andD; = (0.0184 0.0005) cn! + E;. A conventional
ESR experiment, performed at conditions close to those utilized
during hole burning, provided ZFS parameters of the triplet
ground state which are similar to the values obtained by the
hole burning method. This establishes the complementarity of
the two experimental techniques.

The areas of the holes burned depend on the burning
efficiency of different groups of carbenes as well as on transition
rates characterizing different spin sublevels. The most interesting
result of the simple kinetic model, used to relate the areas of
the satellite holes burned, is that the principal spin axasd
y in the Ty state rotate by about 4@in the symmetry plane of
carbene) to their new corresponding positiaghandy' in the
excited T, state.
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