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We present the resolved Stark splitting of rovibronic lines in the resonance enhanced multiphoton ionization
spectrum of benzonitrile caused by an electric field up to 700 V/cm. The Stark spectrum is theoretically
reproduced yielding a value of 4.5(1) Debye for the dipole moment of the ex8itsthte. The same value

is found from the Stark splitting of the iband at an excess energy of 703énThe slight increase of the

dipole moment compared to the ground-state value of 4.18 D and the absence of local perturbations in the
spectra demonstrate that there is no detectable influence of the theoretically predicted charge-transfer state
caused by a rehybridization of the carbon atom in the cyano group. Our results further show that the presence
of electric fields during excitation can lead to a broadening of REMPI spectra and should be avoided in
rotational resolution work on polar molecules.

. Introduction BN-Ar, and BN'H,0.101314Very recently, we obtained first

. . ) ) results from vibrationally resolved one- and two-photon excita-
Charge-transfer states in organic molecules with a large dipole iy, 1o higher vibrational states of the mononetp to now,

moment are a matter of current interest. They are expected 0 g ever, no signs of contributions from charge-transfer states
act sensitive to the local environment and cause a red-shlftedby coupling and mixing have been found in the investigated

fluorescence in polar solvents. Benzonitrile (BN) and some of
its derivatives are prototype systems for intramolecular charge-
transfer processes. In their initial experiments Lippert ét al.
detected a dual fluorescence of 4-dimethylaminobenzonitrile
(DMABN) in polar solvents which was finally attributed to the
emission from a charge-transfer state coupled to the I8cal
state. From an experimental study of different sterically hindered
0-CHgs-derivatives of DMABN, Grabowski et al. concluded the
existence of an energetically favored state involving a twist of
the methyl group (twisted intramolecular charge-transfer: TRST).

In the meantime, two alternative mechanisms were proposed
to explain the experimental findings: the planarity induced
charge-transfer model (PICTand the model of rehybridization

by intramolecular charge-transfer (RICT)he latter model
predicts a rehybridization of the carbon atom in the cyano group
from spto sp?, leading to the existence of charge-transfer states,

which are therefore predicted also in the more simple systems . . g ;
also reported signatures of selective mixing of some rotational

of isolated 4-amino-BN and BN without the influence of a states of the electronic origin to a dark background state which

Z:gﬁ?g%ggjgme&:ﬁgg&ggr:)sfkéﬁ;?gof:g?u?::g:]u do;ef)igz:gere d_prohibited the determination of the excited-state dipole moment

i 3
shifted emission at somewhat longer wavelengths than calculated"” this band:

by Sobolewski and Domckefor a RICT process. The broad In this work we present for the first time high-resolution sub-
red-shifted component of the fluorescence was then resolvedDOppler REMPI spectra of BN with and without external electric

by Sekiya and co-workefsuling out their assignment as charge- fields_ up to 700 y/cm. To exclude local effects and to investigate
transfer states. possible coupling to charge-transfer states we performed

Microwave spectroscopy provided accurate structural data on rbnea(ljsu:ements of the electr]co%cg%ngln barﬁjdmd the 13
the BN monomeétand several of its van der Waals clusfet3 and at an excess energy o m

in the neutral ground state. High-resolution UV spectra measured . )
in our group added structural information on Bestate in BN, Il. Experimental Section

excess energy range of tisg state of BN.

One of the most direct signatures of a charge-transfer state
would be a significant increase of the dipole moment in the
excited state of the molecules or clust&rs as was observed
in the basic works of Mulliket? in charge-transfer complexes
and in aromatic molecules by Nagakdfaln its electronic
ground state, BN features a large dipole moment of 4.28 D.
Calculations yield dipole moments of 4.23 D for t&eground
state of BN f; in point group Cy,), reproducing well the
experimental valué The dipole moment in the postulated RICT
state A" in point groupCs) was predicted to amount to 8.06 D,
and thus a factor of 2 larger than the value of 4.2 D calculated
for the nominalS; state B, in point group Cy,). An early
experiment by Lombardi and co-workéti a gas cell at room
temperature yielded a dipole moment 8f BN of 4.45 D
measured in the vibronic band at 514 ¢nexcess energy. They

The experimental setup was described in detail elsewiere.
T This work is dedicated to Prof. Dr. Friedrich"Ban occasion of his Briefly, the light of an Ar-ion laser-pumped (Coherent Innova
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* Corresponding author. Electronic address: neusser@ch.tum.de; Fax#00) cw single-mode ring dye laser (Coherent 699/29, Rhodamine
+49 8928913412. 110) is pulse amplified in three XeCl excimer laser-pumped

10.1021/jp011414x CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/26/2001



7824 J. Phys. Chem. A, Vol. 105, No. 33, 2001 Siglow and Neusser

(Lambda Physik MSC2001) amplifier stages operating with application to UV spectra of polyatomic molecules was dis-
Coumarine 153 and 307 dyes. After frequency doubling UV cussed in detail by Lombardi.Different from symmetric top
pulses of 15 ns duration and 500 energy are obtained. Their molecules or clusters, the Stark splitting in asymmetric tops is
frequency width of 70 MHz is close to the Fourier transform of second order in the field strengH; since the degeneracy in
limit. For the ionization step either a similar setup {Kion K, the projection of the total rotational angular momentdim
laser-pumped cw single-mode dye laser and an amplifier chainon a molecule fixed axis, is already lifted in these systems. The
operating with Coumarin 102 dye) or the output of a commercial asymmetric rotor usually is described in the limits of an prolate
broad band dye laser (Lambda Physik FL2001, Coumarin 102) and oblate symmetric top by defining componeKtsand K.
is used. of Jin these two limiting cases. However, in an external electric

For the experiments presented here, Ar as a carrier gas at dield Ky andK are no longer conserved and only the projection
backing pressure of 3 bar was expanded supersonically throughM of the total angular momentud on the space fixed axis
a heated reservoir (70C) of fluid BN and a pulsed nozzle defined by the external field remains a good quantum number.
(valve: modified Bosch automotive, orifice 2@@n diameter). If accidental degeneracies of rotational levels can be neglected,
Mass selective detection is realized with a home-built linear the shift of the rotational levels of an asymmetric top in an
time-of-flight mass spectrometer (length of drift tube: 40 cm). external electric field can be evaluated using second-order
The ion detector signal is integrated in appropriate time windows perturbation theorg® Qualitatively, the external field leads to
(Stanford Research Systems SR250 integrator) and recorded splitting of a|JK K Orotational state into sub-states with
with a standard PC in a Labview environment. Relative different values oM. The absolute shift of the rotational levels
frequency calibration is provided by a 150 MHz FabBerot is thereby dominated by the valuebénd is decreasing rapidly
interferometer transmission spectrum. The absolute frequencywith increasingl). Even if the dipole moment and therefore the
measurement is made with a Fizeau-interferometer wave meterabsolute splitting of a single level remains the same in both
(ATOS LMO0O07, absolute accurackv/v = 1078) which was electronic states, the strong dependence of the absolute splitting
calibrated periodically against the output of a temperature onJleads to a splitting of the rovibronic transitions observed
stabilized HeNe reference laser (Sitos Messtechnik SL02/1). in an electronic excitation provided thét = J(AJ = £1). On

For the measurements of the Stark shift, DC voltages up to the other hand, transitions with] = 0 and low values of are
2000 V were applied to the electrodes of the ion optics of the most sensitive to changes in the dipole moment between the
time-of-flight mass spectrometer to provide the necessary high involved electronic states. The selection rulesNbare AM =
field strengths at the excitation region. We accepted the loss of 0 when the direction of the _external field is parallel to the
the space focus condition in this mode of operation, as the polarization of the laser pulseBdql|En,, parallel case) andM
resulting mass resolution was sufficient to selectively observe = +1 for them being oriented perpendicular to each otBgy;
the mass peak of the BN monomer. For measurements undei] Ey,,, perpendicular case). The energy levels and intensities of
field-free conditions, the acceleration field in the ion optics is the rotational transitions in a static electric field are calculated
switched onafter the interaction of the molecules or clusters by describing the asymmetric rotor in the basis of symmetric
with the laser pulses. To maintain the space focus condition in rotor functions and including the Stark interaction tedha
the Wiley—McLaren time-of-flight mass spectrometer in this complete numerical implementation for near prolate asymmetric
case, positive voltages of appropriate magnitude are applied totop molecules with the dipole moment directed alongatfexis
the two electrodes surrounding the excitation region through of the molecule or cluster was presented recently by Moore et
fast semiconductor switches (rising tinfe10 ns/100V) about al.3% and a more general solution with an arbitrary orientation
50 ns after laser excitation. Residual electric stray-fields in our of the dipole moment in the original and final states of the
apparatus were recently determined to be below 300 mV/cm in molecule by Kong and co-worke?s.
a experiment on Rydberg stateand are therefore in a range
without any significance to the investigation of low electronic |v. Experimental Results
states in the present work.

) ) , N A. S, — S Electronic Origin of BN. The S, °® — &

. Static Stark Effects in Electronic Transitions transition of BN is of pureb-type!® with J = J' + 1 and a

The effect of an external electric field on the rotational missingQ branch. Considering the large value of the dipole
spectrum of polar molecules is routinely used in microwave moment in BN, a measurable Stark effect is expected for low
spectroscopy to measure the ground-state dipole moment withJd values even for moderate values of the external electric field
high precision, but only a few examples exist for electronic within the resolution of our experiment. Figure la shows a
transitions. Lombardi and co-workers determined the excited- detailed view of the central region of the BY, O°® — S UV
state dipole moments of a number of substituted benzenespectrum from our previous workfor different values of an
derivatives by rotational contour analysis (ref 22 and referencesexternal electric field in the parallel case. Clearly an increased
therein). However, they were not able to resolve single rotational splitting of the rotational lines is observed with increasing field
lines and their splittings in an electric field. Rotationally resolved strength. Figure 1b shows the same spectral region for the
spectra of polyatomic molecules in low electric fields were perpendicular case. The transitions marked #y*) involve
published only recently. Hese and co-workédetermined the original and final states witld = 1 or 2 showing a splitting
polarizability of benzene from static Stark effect measurements into two components in the parallel case (Figure 1a) and into
in electric fields up to 25 kV/cm. Korter et &l presented high-  three components in the perpendicular case (Figure 1b). The
resolution laser induced fluorescence spectra of aniline in energy level diagram in Figure 2 visualizes the respective
external electric fields and their analysis including the simulation transitions in the parallel case. A noticeable increase of the
of the Stark spectra. They found a 150% increase of the dipole dipole moment in the excited state would manifest itself as an
moment in the excite8; state compared to the electronic ground increased lowering of the Stark levels in this electronic state.
state. In consequence, all transitions from the ground to$hetate

An extensive theoretical treatment of the Stark effect in would be red-shifted compared to the field-free case. Since this
asymmetric rotors was given by Golden and Wikoand its is not found in the experiment (see casé {n Figure la and
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Figure 1. (a) Central part of the high-resolution REMPI spectrum of Figure 3. Bottom: Experimental spectrum of the center of the pure
the S, — S, O transition in BN measured for external electric fields 0~ electronic band Dof BN measured in an external field of 300 V/cm
to 600 V/cm with the direction of the electric field parallel to laser ~parallel to the laser polarization. Upper traces: Theoretical spectra for

polarization. (*) denotes thgl'K/K.0= |111}— |202Jtransition with the rotational constants from Table 1 in the presence of the same electric
AJ = —1,(+) the complementarj202— |111ransition withAJ = field but different dipole moments in tf# state. The dotted line marks
+1. (b) Same spectral region for the electric field perpendicular to the the|1100— [101]M = 1 transition most sensitive to a change of the
laser polarization. For an explanation, see text. dipole moment upon excitation. See text for discussion.

b), itis clear that the dipole moment of BN in tBgstate does  thea-axis of the molecule. The transition dipole moment in the

not increase strongly. _ _ observedb-type transition is directed perpendicular to the
In a next step we simulated the Stark spectra using the symmetry axis.
program package of Moore et &lwith the known rotational From the structure of BN in it§; staté3one does not expect

constants for th& ground and theS; excited staté’ The dipole 5 change of the direction of the dipole moment in the excited

momentz in the § ground state is 4.18 D and directed along  state. Figure 3 shows theoretical spectra calculated for an

increasing magnitude of the excited-state dipole moment in a

constant electric field for the parallel case. The dotted line tags
the experimental position of thé 10— |1010(M" = M’ = 1)

\ rotational line which is most sensitive to a change of the dipole

=\ C/ C— N moment upon excitation. The best fit to the measured spectrum

is achieved for a value of 4.5(1) Debye for the excited-state

dipole moment, in good agreement with the value of 4.45 D

determined previously from a band contour analysis for the
b vibronic band at 513 crt excess energs? In the measured
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Figure 4. High-resolution REMPI spectrum of the B — S, 113 transition (upper trace) measured under field-free conditions (see text) and
calculated spectrum (lower, inverted trace) using the fitted rotational constants.

TABLE 1: Experimental Rotational Constants A, B, C,

Asymmetry Parameter 7, Band Origins (o), and Dipole E 1 E
Moment g, of BN in the & and S; States 000 ext hv
- T P 300 V/em
Alcm  0.188638(5)  0.18277(5) 0.18287(3) ot
BlemY  0.05159814(5) 0.05042(3) 0.05034(2)
Clem?y  0.0405823(5)  0.03953(1) 0.03953(2)
T —0.851 —0.848 —0.849
Vo [em1] 36512.963(10)  37216.045(10)
ua[Debye]  4.18 4.5(1) 4.5(1)

aRef 8. This work.

energy range the spectra show no deviations from the simulation
and hence no local perturbations were detected.

From Figure 1 it is clear that the electric fields present in the
excitation region in a standard REMPI experiment§0 V/cm) 2 . 1 1 1
lead to significant broadening and splitting of the rotational -20 0.0 E[GHz] 4.0 6.0
transitions of BN. Therefore we remeasured fie® — S
spectrum under field-free conditions with a delayed pulsed Figure 5. Comparison of the central part of th§ @pper trace) and
extraction field. The resulting spectrum features a line width 11 (lower, inverted trace) bands at an excess energy of 703 ofn
of less than 140 MHz for single rotational transitions which is BN measured in an electric field of 300 Vicm parallel to the laser

. - X . polarization. The spectra are plotted on a common frequency scale
close to our experimental resolution. A fl_t of the rotational | qative to their origin. For discussion, see text.
constants reproduces well our recent experimental vaiuEse
obtained rotational constants, the energy of the band origin, andExcept for the absolute shift of 703.08 chbetween the two
the dipole moment in the ground and excited states are vibronic bands, the spectra are identical. Thus the dipole moment
summarized in Table 1. is the same in both bands and there is no evidence of an

B. The 11} Band of the S; — S Transition of BN. To increased coupling of th&,, 11! state to a charge-transfer
check whether there is a change of the dipole moment in (RICT) state.
vibrational states of BN at a higher excess energinwe
measured the rotationally resolved REMPI spectrum of tje 11 V. Summary and Conclusion

vibronic band at an excess energy of 703 ¢rfor different Benzonitrile (BN) constitutes a prototype system for charge-
values of the external electric field; is a totally symmetric  ransfer processes after electronic excitation and has thus been
vibration and remarkable changes in the rotational constants Ofinvestigated in a series of gas-phase experiments monitoring
this band compared to the vibrational ground state are not gispersed fluorescence. A significant change of the dipole
expected. To ensure this, we first measured a high-resolution j,oment in the excited state would be a direct indication of
spectrum of the lvibrational band under field-free condi-  contributions from charge-transfer states. In this work we present
tions which is shown in Figure 4 (upper trace) together with for the first time high-resolution UV spectra of BN in a static
the theoretical spectrum using the fitted rotational constants glectric field up to 700 V/cm displaying a Stark splitting of
(lower, inverted trace). The rotational constants (see Table 1)indjvidual rotational lines. The analysis leads to an excited-
feature negligible changes compared to that of the vibrational state dipole moment of 4.5(1) Debye. Thus the dipole moment
origin band. in the S, state is only slightly increased from the ground-state
Figure 5 shows a comparison of the central part of the value of 4.18 D. In the measured spectra no local perturbations
vibronic origin band @ (upper trace) and the glransition were detected. Stark splitting of the rotational transitions and
(lower inverted trace) in a static electric field of 300 V/cm. thus the excited-state dipole moment is found to be identical in

1
11, , +703.08 cm™
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_ . Iichev, Yu. V.; Jiang, Y.-B.; Morawski, O.; Kbnle, W.J. Photochem.
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energies. Particularly bands including inducing modes for a 5400 322 407.
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the effects of polar solvents in their clusters with BN are 211. _ o
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REMPI experiments of polar molecules in order to avoid g5
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