2408 J. Phys. Chem. A999,103,2408-2411

Nonphotochemical Hole Burning Investigated at the Single-Molecule Level: Stark Effect
Measurements on the Original and Photoproduct State
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By applying an external electric field, we have studied the dc Stark shifts at the two states of a low-temperature
single-molecule optical switch. We observe a reversible change from a mainly quadratic field dependence to
a linear field dependence. The data analysis provides th&3lipole moment and polarizability differences

of both the original and photoproduct state. On the basis of these data, a detailed microscopic scenario for the
underlying nonphotochemical hole burning mechanism is discussed.

Introduction broadening is a result of the lack of correlation between

Persistent spectral hole burning has proven to be a sensitiveensembIe educt _and _product states and IS a remalnde_r of
nsemble averaging still present in site-selective hole burning.

high-resolution spectroscopic tool to investigate structural and € )
dynamic properties of amorphous and crystalline solids at low ~TO get access to any measurable changes of physical
temperaturé. In the case of hole formation by the so-called Parameters at the different spectral positions in a single-molecule
nonphotochemical process, it is thought that the frequency- €xperiment, it is necessary to apply a combination of comple-
selective laser excitation leads to a change of configurational mentary spectroscopic techniques. These might comprise fluo-
degrees of freedom in the nearby environment of the photoex- 'escence spectroscopy, hydrostatic pressure, or external electric
cited centers or in the impurities themselves (or bétfihe fields, on which we will concentrate here. In recent single-
conformational states involved have been modeled as particularmolecule experiments, it had been found that a small spectral
two-level systems that only change state upon light irradiation jump in the range of a few gigahertz was not accompanied (or
of the impurity. In general, detailed knowledge about the caused) by a change of the linear Stark shiftn the present
microscopic mechanism of the nonphotochemical process is rarePaper, however, we will demonstrate that the huge light-induced
Methyl group spin conversidrand rearrangement of hydrogen  spectral shifts of single terrylene molecules prterphenyl
bond network’ belong to the few mechanisms known in the Proceed along with a change of the Stark shift from predomi-
literature. nantly quadratic to linear and vice versa.

Soon after the advent of single-molecule spectrosédgy, Terrylene molecules embedded in crystallipgerphenyl
became feasible to observe the hole-burning phenomenon at theshow four distinct, purely electronic originsBt= 1.4 K, which
single-molecule levelin this case, the excitation line of a single are denoted sites p¢X4 and thought to correspond to four
molecule is shifted to a different frequency following light different insertion geometrié8.Chromophores belonging to the
irradiation. For most systems, the new frequency position(s) and X; spectral site Azps = 580.4 nm) allow controlled optical
the time elapsed between the frequency jumps are not underswitching of single-molecule resonance liigmplonged reso-
the control of the experimenter. It has been shown recently thatnant excitation of an X molecule triggers a light-induced
for the model system of terrylene frterphenyl these constraints ~ spectral jump to the photosite XY, during which the chro-
are partially removed, thus allowing the switching of the mophore increases its absorption frequency by $43 GHz.
resonance frequency of a single terrylene molecule in a The intriguing aspect of this phenomenon is that the frequency
controlled fashion by light irradiatiohConsidering the exquisite  jumps are fully reversible and that the overall behavior is found
sensitivity of a single absorber against changes of its local to be reproducible over a long time and from one sample to
nanoenvironment, the ability to observe one single molecule at another. The experimental evidence available so far indicates
different frequency positions quite naturally leads to the that the insertion geometry of terrylene mterphenyl is
important question of to what extent intra- and intermolecular nonplanar with approximatehD, symmetry and that the
interactions might differ at the various positions. Such studies photoproduct states are characterized by changes in the matrix-
also directly address the issue of nonphotochemical hole burninginduced distortion of the terrylene geometr.first hypothesis
or more generally speaking of structural relaxation processesfor the underlying mechanism argues that a degree of freedom
in solids. Similar experiments employing the more traditional known to exist in triclinicp-terphenyl, namely a flip-flop motion
population hole burning would be severely hindered by the of the central phenyl ring of matrix moleculésidjacent to the
generally much larger width of photoproduct antiholes. This chromophore, is most likely to open the reaction path to the
photoproduct conformatiohThese flip-flop motions are thought
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Ao =1580.389 nm Ay =1579.444 nm

reported to be significantly less uniform and the characteristic
X1—XY frequency jumps were not observed at all. Therefore,
no assignment of the molecular signals and the corresponding
Stark shifts to the terrylene sites could be made.
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present work resulted in a homogeneous external f€lthat

Figure 1. Spectral shifts of a single terrylene molecule induced by an was nearly parallel to theaxis of the investigateg-terphenyl

applied electric field T = 1.4 K). The left-hand side shows fluorescence o ) )
excitation spectra of the absorber at itsspectral position for different ~ Crystals. Therefore, it is a reasonable approximation to replace
external field strengthE°, which are given in the middle column. The  the inverse dielectric function of the mediwmt 1°by a scalar
predominantly quadratic response can be discerned clearly. At the XY factor f, which relatesF, to E° according toF, = fE?, thus
photosite, the same chromophore exhibits a different behavior that canneglecting the small anisotropy of the local-field tensor. This
e seen ot spectaon the Pt tand s A pronounced ineaapprcach abviousy also neglecs th feecback effect of the
is much higher. (Pleasé refer to Figure 2 and the text for a detailed |_nduced guest dipole moment on the host matrix (the_ reaptlon
analysis of the data presented here). field) but has already been successfully used to describe single-
molecule Stark shift§16 Equation 1 is then reduced to a scalar

single-molecule hole-burning mechanism by probing dipole €quation where\u and Aa. now correspond to the differences

moment and polarizability changes with dc Stark spectroscopy. In dipole moment and polarizability, respectively, as seen in
projection onto the direction of the applied electric field, which

in our case was approximately parallel to the long axes of the
. . chromophores and the axis of the p-terphenyl crystal.
The samples used in our experiments were te”yle”e'd_OpedAccordingly, a field correction factor df= 1.254 was used,
platelets grown by cosublimation of terrylene and zone-refined | 1ioh is the cc component of the localfield tensor for
p-terphenyl. These were mounted carefully between two glass ,qnoclinic p-terphenyit?
substrates, each of which was coated with a layer of inéium g4 mgjecules belonging to point groups where symmetry
tin oxide (ITO) on the side facing away from the sample 10 ;o5 forhid the existence of a permanent molecular dipole
avoid charge carrier injection, and then integrated into a low- 0 0ant (e.g., planar dd, symmetric terrylene), it has to be
temperature SMS setup of the lens-parabloid vafi€The Stark assumed that an observag must arise from an asymmetric
shifts were obtained from single-molecule fluorescence excita- dipole distribution in the surrounding host matrix, which

tion spectra recorded for different external field strengths. This o, hts to germanentocal field Fy!5 at the location of the

procedure is illustrated in F‘QUf,e 1, which shows the field- guest. In that case, this permanent internal field of the host
dependent fluorescenc_e _excitation spectra of one terryl_enematrix can be probed locally by single-molecule Stark effect
molecule both for th_e original and the photoproduct state (sites ;o< rements. Application of this concept is problematic in the
X, and XY, respectively). A total of 15 molecules from three  ,qq of terrylene ip-terphenyl, however, because the measured
different samples were subjected to this measurement to makeAﬂ can be expected to contain contributions from both the
sure that the observed effect was reproducible and thus can bepermanent local field of the matrix and the asymmetric
considered as characteristic for the light-induced frequency yistortions of the terrylene structure, which are hard to

shifts. distinguish unequivocally from the data available so far.
Therefore, the discussion below will be restricted to the
parametersAu and Ao obtained from the Stark shifts by
All our experiments on terrylene imp-terphenyl clearly applying eq 1.
indicate that any mechanical strain exerted on the sensible crystal An example of the typical behavior can be seen in Figure 2,
platelets immediately annihilates the “normal” terrylene insertion which shows the Stark plot obtained from the spectra shown in
structure and the well-defined photophysical properties associ-Figure 1. For the X site, the Stark shift is predominantly
ated with it. Additionally, the concentration of the absorbers, quadratic, and an analysis according to eq 1 yielgs—= +-
which have to be considered as defects of the crystal structure,(3.5 £ 0.2) mD andAa = +(2.1 &+ 0.1) mD/(kV/cm). When

Experimental Section

Results and Discussion

is best kept around = 1071° mol/mol. As a criterion for
uniform behavior, we checked the;XXY jump width, which
was reproducibly found in the range of 8432 GHz if the

the same molecule visits the XY photosite, on the other hand,
the behavior changes dramatically. An increased linear Stark
shift now yields a dipole moment difference &ft = +(237+

crystal had been handled properly. Out of the investigated 152) mD, which completely masks the quadratic contribution
molecules, only one exhibited a slight deviation of less than (indicating that|Aa| < 2.5 mD/(kV/cm)). This impressive
1% (835 GHz). The fact that the results discussed below wereincrease in the dipole moment difference was found for all
uniform for three different samples validates the assumption investigated X absorbers when they were sent to the XY site.
that the observed effects constitute an intrinsic property of the It was observed that\u in X; can have opposite signs for
configurational changes responsible for the spectral jumps andabsorbers located at different positions within the same crystal,
thus contain valuable mechanistic information. In a previous which can most likely be explained to arise from the different,
Stark experiment on terrylene terphenylt3 the behavior was ~ symmetry-related structural domains known to exist in triclinic
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-15 -10 -5 0 5 10 15 visits in the photosite XY T = 1.4 K). Panel a shows the initial

external field strength £° [kV/cm] measurement in X where a predominantly quadratic behavior was
found, corresponding ta\y = —16.3+ 0.6 mD andAo. = —2.3 £+

0.1 mD/(kV/cm). Panels b- d depict the results of three measurements
in XY, between which the absorber was sent tpaxXid brought back
to XY by light irradiation. Linear fits to the data from panels b and d

Figure 2. Stark effect measurement on a single terrylene molecule at
sites X and XY, represented by the frequency shifts as a function

of the external field strengtk®, as determined by fitting Lorentzian
profiles to fluorescence excitation spectra of the absorber recorded for . _ . - _
different external field strengths (the data shown here correspond to ieédrﬁg 247+ 2 mD, while for panel ¢ one obtaint = +231
the spectra in Figure 1). Panel a depicts the data corresponding to the ’

X, site (open circles with error bars and second-order polynomial fit), place that dominates over the effects of statistically distributed
which yield Au = +3.5+ 0.2 mD andAa = +2.1 + 0.1 mD/(kV/ lattice imperfections.

cm). Panel b shows the results for the same molecule in the XY . . .
photosite (open squares and linear fit), which corresporditer (+237 Another interesting observation was made when some

+ 2) mD and indicate that\a| < 2.5 mD/(kV/cm), since the quadratic ~ absorbers were sent to photosite XY repeatedly; two chro-
component is masked by the increased dipole moment difference. Panemophores (from different samples) were found to exhibit almost
¢ shows the data from (a) and (b) unified in one graph so that the the same magnitude but different signs of the Stark ghift
impressive change underlying the spectral jump can be fully appreciated. (and correspondingly ofu) for consecutive visits in XY. This
behavior is illustrated in Figure 4. It is well-known from hole-

6 burning spectroscopy in crystalline matrixes that chromophores
g 5] [JinX, with degenerate absorption frequencies can belong to subsets
8 : S with different orientations of the dipole moments, leading to a
< 4 in XY -, . "
g splitting of spectral holes in external electric fiekdsThe novel
S 37 result of the SMS experiments reported here is that we have
g 5] experimental evidence for the existence of two “XY” photo-
g 1] product conformations for one and the same absorber, which

—l give rise to approximately antiparallel dipole moment differences
0 T 10 20 30 40 G0 2 (with respect to thes axis) and result in the same absorption

wavelength (measurement accurac.001 nm).

An additional peculiarity can be seen in Figure 4a. The
Figure 3. Observed absolute values of the—& dipole moment quadratic contribution clearly shifts the resonance line toward
difference|Au| for 15 terrylene molecules inopen bars) and XY higher frequencies with increasing external field strength,
l(zztlciecljgbim?) ?;ES i%]'iﬁé:gfggft:mggeitslgfr;hs ﬁ:sg\'(t"(‘gf;gss:re suggesting a negative value for the polarizability difference
note the axis break). if thg data is |nterpreteq acggrdlng to eq 1. Perturbgtlon theqry

predicts that the polarizability of a given electronic state is
p-terphenyl*® From the distributions of the absolute values of dependent on the transition dipole moments between this state

absolute dipole moment difference |Ap| [mD]

Au, which are shown in Figure 3, we obtaingtu| = 19+ 7 and additional electronic states that have a similar energy and
mD in X; and Ay = 237 &+ 12 mD in XY (mean valuet thus can yield strong contributions in the mixing of states
empirical standard deviation). induced by the external fielf. Therefore, the excited state

The small absolute values &u in X1, together with their should always have a higher polarizability than the ground state,
large empirical standard deviation of about 37%, suggest thatand consequently, the moleculAn. should be positive in all
the dipole moments are induced mostly by the permanent cases. The “anomalous” behavior exemplified in Figure 4a was
internal field, which is influenced by randomly distributed matrix only found in one of the three samples in which 75% of the
defects. They also support the assumption of a helicoidally chromophores exhibited negative values Af.. Since all
twisted terrylene geometrg),1° which should exhibit no first- molecules where investigated with the same straightforward
order Stark shift. In XY, on the other hand, the absolute values technique, we think that a systematic experimental error can
of Au increase by 2 orders in magnitude while their standard be ruled out. An explanation for this phenomenon might be the
deviation decreases to about 5%. This indicates, in accordanceexistence of structural defects in the crystal, which could lead
with fluorescence spectra recorded in the photoSiteat a well- to an increased local polarizability of the host lattice in the
defined symmetry reduction of the terrylene molecules takes vicinity of the “anomalous” chromophores. In that case, the
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along the long molecular axis, which is in fairly good agreement

(a) (
with the measured values.
8:8:8 The last result suggests that the above model, while being
- somewhat intuitive, can serve as a basis for a more sophisticated

approach that includes the matrix molecules and the reaction
field. The experimental results additionally indicate that further
A Stark effect measurements on terrylenepiterphenyl, per-

(b) & (© formed with different directions of the external field, will

< provide additional insight into the single-molecule optical
switching process.
Since the first days of single-molecule spectroscopy, a
common clichehas been the notion of the accessibility of the
local nanoenvironment of a single molecule. At the present stage,

this nanoenvironment can be most successfully addressed not
Figure 5. Microscopic_scenario for the structural changes underlying by investigating a static situation but rather by following or
the observed spectral jumps. Panel a shows the assumemh}orma-  inducing changes of the surrounding that are reflected in the
tion ' while panels b and c depict how a ring flip of either neighboring o inent spectroscopic properties of the single absorber. It has

matrix molecule could affect the central naphthalene unit (bold) of . : . .
terrylene, leading to the hypothetical photoproduct (XY) conformations. been demonstrated in this paper that even more information can

Please note that the terrylene deformations have been exaggerated iR€ extracted by the application of secondary spectroscopic
this schematic illustration. techniques. As we have systems at hand that can be manipulated
in a controlled fashion and allow long-term investigations, we

interaction between induced dipoles can no longer be neglectedare confident that the knowledge gained from such studies will
as is done in the simplified approach on which eq 1 is based, ultimately serve to improve our understanding of structural
and a more sophisticated description of the internal electric field relaxation in low-temperature solids and of the mechanism of
in the crystal at an atomic lev@l as well as additional ~ inhomogeneous broadening in general.
experimental work will be needed to extract the effective
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