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We investigated the Stark effect on centrosymmetric dibenzanthanthrene molecules in naphthalene, a
centrosymmetric crystal, where it is mainly quadratic, and in the Shpol’skii matrix hexadecane, where we
found linear and quadratic contributions. The molecules with large linear coefficients are dominantly found
in the wings of the main site. The distribution of linear coefficients points to two populations of molecules,
one of them in a centrosymmetric environment, the other one centrosymmetric on average, but very sensitive
to, or located near, crystal defects. The distributions of quadratic coefficients in both systems is attributed to
orientational disorder. We discuss the case of a molecule with higher-order terms in its Stark shift, and attribute
it to geometrical changes of the supermolecule in the applied electric field.

1. Introduction shells with their charge'd. The resulting internal field was found

to be extremely inhomogeneous over the size of the guest

Electrochromisrhis the change in the electronic spectra of molecule.

matter under an app||6d electric field. It is related to the Stark However, the hole Signa| arises from a |arge set of molecules,
effect, i.e., to the electric field-induced shift of the electronic the isochromat, that all happen to have the same transition
levels of atoms, molecules, or solids. Electrochromism gives frequency for zero applied electric field. The molecules in the
information about the static dipole moments and polarizabilities isochromat still present differences in their orientations and
of molecules, more precisely about the difference of these environments, and as a consequence, in their Stark effect
guantities between the ground and excited electronic statesparameters. Therefore, spectral holes quickly broaden for high
involved in the optical absorption. The electric fields that can fields and can no longer be measured accurdfeBy. isolating
be applied to solid or liquid samples being limited by dielectric single molecules in spectra of solid solutions at low tempera-
break-down, are much weaker than internal molecular or crystal tures, one removes inhomogeneity completely. It is then possible
fields. Therefore, the electrochromism of the broad bands of to apply very high fields, without any broadening of the single
molecular systems at room temperature is a weak effect. It mustmolecule’s signal. As a further advantage, the electrochromism
be measured by modulating the applied field and detecting the ©f @ single molecule is much easier to interpret than that of a
absorption change with a lock-in amplifier at the modulation SPectral hole. One basically measures the shiftof the
frequency (linear effect) or at twice the modulation frequency transition frequen(_:y of the molecule. At the I0\_/vest order in the
(quadratic effect}.The narrower the optical band is, the stronger electric _fleld E acting on the molecule, the shift has linear and
the electrochromic signal. Electric field effects are therefore duadratic dependences i
easier to measure on the narrow zero-phonon lines of molecular
crystal$ or of solutes in Shpol'skii matrixes at cryogenic

temperatures. wherea andb are defined for each molecule, and for a given
The spectral resolution in optical investigations of organic direction of the electric field with respect to the molecular axes.
molecular systems can be enormously enhanced by the techniquehese coefficients are related to the dipole moment chafge
of persistent spectral hole burnifgSince narrow spectral holes  and to the change of the polarizability tenddrbetween ground
are extremely sensitive to electric fields, electrochromism can and excited states of the molecule by
be measured with £6-10° times higher sensitivity than in broad e =
band spectr&: 8 Spectral holes as narrow as a few MHz have hov = —ou-E — Eda E/2 2
been measured by the late B. E. Kohler and co-workers. The
enhance_d sensmwty_ in the measurerT_]enj[ of the hole shift and part of the true microscopic field which is linear in the applied
broadening as functions of t_he electric field enabled them to external field™® In an isotropic medium, and for a point dipole,
develop a quantum mechanical approach to analyze the datgne |ocq) field is simply related to the macroscopic field in the
for octatetraene im-alkane matrixeSand for porphyrin chro- e iym by the Lorentz correction factor. Local field corrections
mophores in proteins such as myoglobin or cytochromé C. i real systems are much more complex, since they must account
Later, they even proposed a detailed modeling of the micro- for the anisotropy and the inhomogeneity of the microscopic
scopic structure of the guest molecule and of its first two host field. In the following, we consider only Lorentz corrections.
Of course, higher order terms are expected to arise in eq 1,
* Corresponding author. via higher order hyperpolarizabilitié. However, a crude
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ov = aE + bE? 1)

The fieldE acting on the molecule is the local field, i.e., the
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estimation of the next, cubic, term v, which is related to
the change in the second-order polarizabii§), shows that it
should be smaller than the quadratic term by a facter
E/Emo,*® whereE is the applied electric field strength afgh
is a typical intramolecular field acting on the pi electron. The gOId electrodes
ratio r being typically less than 16, third-, and higher order -
corrections are usually neglected in the analysis of the Stark
effect.

The first Stark effect measurements on single molecules were
performed in 1992 by Wild et &F on pentacene in p-terphenyl
crystal. Since the pentacene molecule is centrosymmetrical and
occupies a centrosymmetrical site in the p-terphenyl crystal, the
Stark effect observed on single molecules in thead Q sites
is dominantly quadratic for fields lower than 2.5 MV/m, with
b coefficients of about 4 MHz/(MV/nf) corresponding to
polarizability changes arounds2 1073°F n® (i.e., 20 &; 1 A3
= 1.11 x 1074 F ). The lineara coefficients found were
very weak, about 1 MHz/(MV/m), corresponding to dipole
moment changes from about 6 0C m to about 1.5« 10733
C m (i.e., a fewuD to 0.5 mD; 1 D= 3.34 x 10730 C m).
These weak values of the dipole moment were attributed to
slight breaking of the molecular symmetry by crystal defects.
The same year, Orrit et &l.investigated the Stark effect of
terrylene in polyethylene. There, the centrosymmetry of the
terrylene molecule was strongly broken by the disordered
polymer matrix, leading to a purely linear Stark effect in the
range of fields investigated (less than 0.1 MV/m). The absolute /I(V

sample fiber core

values of the a coefficients were abou3L0° MHz/(MV/m),
corresponding to matrix-induced differences in dipole moments
of about 0.5 D. More recently, Stark experiments were voltage
performed on single terrylene molecules inpeerphenyl g

crystal’® As in the case of pentacene, the molecular centrosym- Figure 1. Schematic view of the end of the optical fiber with the gold
metry seems to be largely preserved in theske!® and the electrodes to apply a static electric field. The sample has been placed
quadratic effect dominates. on the fiber core, where the excitation light propagates.

Here, we present Stark effect measurements on single
molecules of dibenzanthanthrene (DBATT) in naphthalene g gistance between electrodes wast25 um. The electric

crystal$® and in n-hexadecane Shpol'skii matrixéstwo field at the sample was calculated by dividing the applied voltage
systems studied recently in our group. By comparing our data e distance between electrodes and by applying a correction
to those published for other systems, we try to get information ¢; o+ of 0.64 to take the electrode geometry into accdunt.

abou_t_ t_he nature and symmetry of the insertion site and itS The dc voltage was applied with a high-voltage supply through
sensitivity to defeqts. Wg also cﬁscuss dewanonsl from the simple 4 big resistor (10 M2) in order to limit the damage to the sample
expression 1, which might arise from geometrical changes of g 1qer and electrode leads in case of a spark. RF sources could
the molecule or of its cage under the applied field. also be connected to these electrodes in order to modulate the
molecular transition frequend.The polarization of the laser
was lying along one of the axes of the polarization-preserving

The samples of DBATT in naphthalene were prepared from fiber. Thereforg, it was lying in the fiber cleavage plane,. similgr
the melt, where the solubility of DBATT is high. The molten t0 the Stark field, but the angle between the two fields is
solution was rapidly cooled by contact with the optical fier Unknown. The measurement of the Stark shift of single molecule
used for excitation (see Figure 1). A thin glass sheet was placed!ines proceeded as follows: the spectral position of the single
on the sample to prevent sublimation during handling. The molecule’sllme was f|rst measured in zero flelq, seconq under
polycrystal thus obtained presented an inhomogeneous band® _short series of applled voltages, third in zero flel_d again. With
profile similar to that published in ref 20, with a width of about this procedure, the linear part of the laser drift, which was small
12 cntL. The many defects in this highly disordered sample durlng.th.e short recording time (a few MHz in about 1 min),
did not lead to any noticeable spectral diffusion of the single Was eliminated. For most of the molecules studied, no spontane-
molecule lines. The hexadecane solution of DBATT was quickly ©US Or photoinduced spectral diffusion could be detected.
frozen by inserting the sample holder into the cold cryostat.
This resulted also in a polycrystalline sample, but the crystallite
size is unknown. The optical setup for the fluorescence The orders of magnitude of the dipole moments and hyper-
excitation spectroscopy of single molecules was of the fiber- polarizabilities of usual aromatic molecules indicate that, for
paraboloid type? We did not use the frequency stabilization reasonable static fields, only linear and quadratic Stark effects
of the laser for the present study. can be observed. Indeed, most of the single DBATT molecules

The electrodes through which the electric field was applied we studied in naphthalene anehexadecane matrixes obeyed
are schematically represented in Figure 1. Two thin gold wires the simple relation (1), with linear and quadratic components
(20 um in diameter) were flattened and fixed with epoxy glue of the Stark shift. A typical example is presented in Figure 2

at the end of the fiber on either side of the optical fiber core.

2. Experimental Setup

3. Results and Discussion
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Figure 2. Example of a single molecule line with linear and quadratic
Stark shifts (here DBATT in hexadecane at 2 K. The bold line spectrum Figure 3. Correlation plot and associated histograms for wavelengths
was recorded aE = 0). The linear component arouritl= 0 shows and quadratib coefficients for 43 DBATT molecules in a naphthalene
that the central symmetry of the molecule has been broken by the polycrystal. No clear correlation appears between wavelengthband
matrix. coefficient.

for a DBATT molecule inn-hexadecane. The shift varies 14
parabolically as a function of the electric field, and, for the
molecule and the maximum field used here, the linear term is
of the same order of magnitude as the quadratic one. For a few
molecules, we found strong deviations from expression (1).
These special cases will be discussed in section 3.2. For the
other molecules, the Stark coefficiergsandb can be related
to the difference in dipole moment and in polarizability of the
molecule between ground and excited electronic states. We have
to stress that the dipole moment and polarizability involved here
are those of the ‘supermolecule’, i.e., the probe molecule
together with a more or less extended cage of neighboring matrix
molecules. If the electronic excitation causes significant changes
in the molecular neighborhood, these quantities can be quite
different from those of the isolated molecule. In the following,
we discuss in separate paragraphs the cases of DBATT in
naphthalene and in hexadecane. L
3.1. DBATT in Naphthalene.The spectra of the bulk system 10 15 20 25 3.0
DBATT in naphthalene have been reported in ref 20. The Quadratic Stark coefficient (a. u.)
g]jtegg)r?] S;fezfr I?/iﬁj-r:relnc;[)hnesir(]jaeegiihoar:zn?h%rygthT“lr'] Orill;rllgx?é Figure 4. Bold Iint_e plot:_ Histograrr_l of qua_dra_tic _coe_fficients obtained
) . by Monte Carlo simulation for an isotropic distribution of molecules.

should replace at least 3 naphthalene molecules in the crystalthe principal values of the polarizability tensor are 1, 2, and 3 in
lattice. The Stark shift was mainly quadratic for all the molecules arbitrary units. The thin-line histogram has been obtained by retaining
studied. A statistical correlation plot, together with the histo- only the molecules whose squared projection of the transition dipole
grams of the absorption wavelengths and of the quadkatic moment on the laser polarization is larger than 0.1. The laser
coefficients for the molecules studied are presented in Figure Polarization was supposed to be parallel to the static field, and the
3. As is the case in many hole-burning experiments, no clear transition moment was supposed to be aligned with the large-

; . I 2 polarizability axis. Note the shift of the lower cutoff and of the central
correlation is found between the position of the line in the gjngyiarity of the thin-line histogram.
inhomogeneous band and the value of theoefficient. The

wavelength histogram is consistent with the inhomogeneous relatively low inhomogeneous broadening as compared to the

distribution of ref 20. The histogram tfcoefficients is spread  ggjyent shift are consistent with the assumption that the crystal

in the range between6 and—1.5 MHz/(MV/mY. Taking into defects are only slightly distorting the DBATT molecule.
account a local field correction factor of 1.7, obtained by Let back to the sh f the hist f
averaging isotropic Lorentz factors for the three principal indices 3 u_':;,bnowff(_:qme Iac 0 le N aFl)l_e ot the | Istogram 0
of the naphthalene cryst#l,we obtain polarizability changes quadratiao coefficients. In our polycrystalline sample, assuming

ranging between (17 and 68) 1040 F n? (15 and 61 &). that the crystallite vqu_m_e is much Iess_ than the iI_Iuminated
The lineara coefficients were often too small to measure. In VOIUME, we expect variations of ttecoefficients of different
the few cases where tlaecoefficient was large enough to appear Molecules pecause (_)f the|r different orientations Wlth respect
in the fit, its value was less than 10 MHz/(MV/m), correspond- 0 the applied electric field. For an isotropic distribution of
ing to 6.0x 10733 C m (1.5 mD). The order of magnitude of molecules, and neglecting the effect of the local crystal field,
the a coefficient values is comparable to the values measured the distribution of the b-coefficient is easy to simulate from
by Wild et al. in pentacene ip terphenyli® another crystalline ~ the polarization component in a random direction. Such a
system with inversion symmetry for host and guest. Here again, simulation is shown by the bold-line histogram of Figure 4 for
we may assume that crystal defects in the molecular neighbor-three arbitrary principal values (here equal to 1, 2, and 3) of
hoods lead to a slight breaking of the inversion symmetry. The the polarizability tensor. The bold histogram of Figure 4 shows
low value of the induced dipole moment difference and the three singularities, related to these principal values: two sharp
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Figure 5. Histogram of the wavelengths of the lines of single DBATT broader than that of the main site (see text for further details).

molecules in hexadecane, compared to a bulk fluorescence excitationF. 6 sh lati lot of th | | | th
spectrum of the same system (upper part). Single molecules are found 'gure b shows a correlation piot or the molecular waveleng

in the main site at 589 nm, but not in the band at 586.5 nm. with the lineara coefficient. In the wavelength area of the main
site, around 589 nm, the fraction of molecules with a strong
edges for the lowest and largest polarizability and a logarithmic a-coefficient was very weak. We therefore did not investigate
divergence related to the intermediate value. It might thus seemall the molecules in this frequency area, since most of them
possible to deduce these three principal values from a histogramhad almost purely quadratic Stark shifts (the irregular exploration
of quadratidb coefficients. However, the real histogram is biased appears in the wavelengths histogram, in which the main peak
by the way we sample single molecules: we detect only those is strongly reduced). Nevertheless, we still find a large number
single molecules that have a large enough projection of their of molecules (about 100) with very low coefficients, which
transition dipole moment onto the laser polarization. A similar were difficult to determine accurately within our experimental
effect in spectral hole burning leads to a deep alteration of the frequency resolution. They give the large spikeat O in the
hole shap¥2627as compared to overall distributions of the shifts histogram of the linear Stark coefficients. The width of this spike
of all molecules, such as the bold histogram of Figure 4. To is about 50 MHz/(MV/m), corresponding to a dipole moment
account for this effect, we repeated our Monte Carlo simulation, change oft1.8 x 10732C m (&5.5 mD). This value is corrected
assuming that the transition dipole was lying along the large for a local field factor of 1.4, corresponding to an average
polarizability axis, and simply eliminated those molecules for refractive index of 1.5 for hexadecane. Again, these dipole
which the dipole moment projection on the laser field was too moment values are comparable to those of pentacene in
small (squared cosine less than 0.1). This corresponds to a higtp-terphenyl or of DBATT in naphthalene. This very narrow
quality measurement, in which lines 10 times weaker than the a-distribution coexists with a much broader one which has a
maximum intensity are still measurable against the background.width of about 3 x 10 MHz/(MV/m), corresponding to a
The corresponding histogram is shown in thin line in Figure 4. distribution of dipole moment changes betweeri.1 x 10~
Not only did the lower threshold move with respect to the C m (+ 0.3 D). The secona distribution is about 60 times
unbiased histogram, but the position of the intermediate broader than the first one. In the plot of Figure 6, there appears
singularity was also shifted. This shows that the parameters ofto be a gap around 589 nm, the wavelength of the main site, in
the polarizability tensor are difficult to obtain from the ensemble this second distribution. This is probably only due to our much
measurement, even for an ensemble of single molecules. Itshallower exploration of this frequency interval, in which the
would be much easier and reliable to follow the position of a fraction of molecules with a strong a-coefficient was very weak.
single molecule line while varying the direction of the applied The striking feature of tha histogram is the existence of these
field. This, however, is impossible with our present setup. two distributions, instead of a single broad one. These two
3.2. DBATT in Hexadecane Figure 5 shows the wavelength  populations have approximately the same center wavelength.
distribution of single DBATT molecule lines around the main Their spectral widths, however, are different, since the fraction
site. This histogram is compared to a bulk fluorescence of molecules with large linear shifts is much larger in both wings
excitation spectrum (Figure 1 of ref 21). Except for the main of the general absorption site. In a first interpretation, we may
site at 589 nm, whose shape and width are well reproduced,attribute the populations to two sites coinciding at nearly the
the shape of the histogram is quite different from that of the same wavelength (589 nm), to within 1 nm. These two sites
spectrum. Much of the structure in the spectrum does not appeamwould have central symmetries in the perfect crystal. However,
in the single molecule histogram and therefore may have a one of them would be much more sensitive to crystal defects
vibronic origin. In particular, we found only very few single than the other, leading to a larger dispersioraaoefficients
molecule lines in the band around 586.5 nm, a structure for comparable inhomogeneous widths. As an alternative
attributed to another site of DBATT in hexadecane in ref 21. interpretation, both populations could arise from molecules in
We obtained the linear and quadratic Stark coefficients for a the same crystal site, but could correspond to molecules lying
number of single molecules, by fitting expression (1) to the shifts either in the bulk of microcrystals or in the disordered boundary
measured for each molecule and for four values of the voltage. areas between microcrystals. The correlation plot indicates no
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Figure 7. Correlation plot and associated histograms for the linear = -250+ !
and quadratic coefficients for 107 DBATT molecules in hexadecane. :<ZD |
The quadratic term could not be determined for the molecules of Figure \ L
6 with the largest coefficients. The large linear coefficients seem to 050 5010
be correlated with weak coefficients. Electric field (MV/m)

clear relation between wavelength and linear coefficient, except Figure 8. Upper part: Stark shift of a peculiar single DBATT molecule
for large shifts from the center wavelength. This must be in hexadecane, for which no second order polynomial could fit the
connected to an anisotropy of the sample, which might arise data. Lower part: After subtraction of the best linear fit, the residual
from a single, or a small number of highly stressed regions in can be perfectly fitted with a cubic variation. Such a dependence cannot
the illuminated spot, presenting a given orientation with respect be explained in terms of constant dipole moment and polarizability.
to the applied electric field. molecules (see Figure 7) is comparable to that of the cubic term
The histogram of the quadratib coefficients and their of Figure 8.
correlation with the linear coefficients is shown in Figure 7. We now discuss possible explanations for the observed field

The values of thé coefficients are distributed betweerl.2 dependence. As discussed in the Introduction, the contribution
and—5.5 MHz/(MV/mY, corresponding to polarizability changes of the second-order polarizabili?, which would give a third-
varying between (20 and 92) 104° F n? (18 and 83 A). order term in the energy, should be negligible as compared to

These values are quite consistent with those measured inthe quadratic term arising from the first order (ordinary)
naphthalene, taking into account the large inaccuracy in the polarizability. @ is further reduced because in the centrosym-
distance between the electrodes (we used different electrodesnetric DBATT molecule it is induced by perturbations from
for the two samples), and the uncertainty about local field the nonsymmetric matrix cage. Since even the effect of the first
corrections in naphthalene. The general shape of the histogranorder polarizability is not visible in Figure 8, it is very unlikely
is also very similar to that of DBATT in naphthalene, which that the term due to the second-order polarizability could
supports our attribution of the distribution to the different contribute significantly.
orientations of a strongly anisotropic polarizability tensor of the ~ The purely electronic Stark effect of a rigid molecule with
DBATT molecule. Let us now consider the correlation between fixed and largely spaced energy levels can hardly explain the
a and b coefficients. When thea coefficient is large, the data of Figure 8. Assuming that the geometry of the molecule
quadratic coefficient is difficult to measure accurately. This is (or of the supermolecule) can change with electric field, the
why points from the molecules with the strongastoefficients dipole moment and first-order polarizability can depend on
have disappeared from the correlation plot of Figure 7. electric field, leading to deviations from expression (1). To
Nevertheless, there appears to be an excess of molecules witlobtain a third-order term in the energy, the dipole moment must
large linear coefficients for low quadratic coefficients (between have a quadratic dependence Bnor the polarizability must
—1 and—3 MHz/(MV/m)?). This correlation would be easily  have a linear dependence BrHere, we propose a simple model
explained if the dipole moment difference was oriented mainly for a quadratic dependence of the dipole moment change with
perpendicular to the large polarizability axis. No clear correlation the applied electric field. The molecule of Figure 8 has a
between linear and quadratic coefficients is seen for the spikedpermanent dipole moment chang@, which is induced by
distribution (i.e., the nearly flat cloud of points in Figure 7).  noncentrosymmetric surroundings in the matrix. Since this
For some rare molecules, two or three in the 200 molecules dipole moment depends on molecular positions around the
or so we studied, the shift could not be fitted using the form 1. molecule to the first order, it also depends on pressure p to the
Similar deviations from a second degree polynomial were also first order:
observed for terrylene ip-terphenyl!® A particularly striking
example, which we will discuss in some detail, is displayed in
Figure 8. For the molecule of Figure 8, the shift as a function
of the electric field can be represented as the sum of a linear
term and of a cubic term. The lower plot of Figure 8 shows the Pe= (€, — 1)6052/2 (4)
residual shifts after a linear fit has been subtracted from the
data. This residual is seen to be an odd function of the electric The shift due to this electrostrictive pressure is usually about
field, and is almost perfectly fitted by a cubic power. It was 10 times weaker than the polarizability siftHowever, the
not possible to determine a quadratic term for this molecule molecule of Figure 8 could be highly sensitive to pressure.
within our experimental accuracy. Note that the order of Indeed, large fluctuations of the pressure shift of single molecule
magnitude of the quadratic term measured for “normal” DBATT lines can be found even in crystalline sam@®$he pressure

Ofi = 8fig + kp (3)

Now, an applied electric field exerts an electrostrictive pressure:
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shift could explain the quadratic change in polarization and grant from the German Academic Exchange Service, DAAD,
therefore the cubic energy shift. Unfortunately, when the for J.C.W.

experiment was done, we did not measure the pressure
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