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Abstract: The molecular structure of photoexcited crystalline 4-(diisopropylamino)benzonitrile (DIABN) is
determined by time-resolved X-ray diffraction with a time resolution of 70 ps. Spectroscopic results suggest
that an ICT state with a lifetime of 3 ns is produced after photoexcitation. According to structural refinement
of the X-ray data (powder diffraction), the torsional angle of the diisopropylamino group with respect to the
plane of the phenyl ring of DIABN decreases from 14° in the electronic ground state to 10° in the equilibrated
ICT state.

Introduction (for LE) or perpendicular (for TICT) with respect to the phenyl
ring.3-6

A direct determination of the ICT structure of DMABN or
related dual fluorescent molecules is not available in the
literature. As a consequence, a large number of different
structures of the ICT state have been suggested since the
introduction of the TICT modet 68713 At present, predomi-
nantly the planar intramolecular charge transfer (PICT) model
is discussed next to the TICT interpretatidnZ® The PICT
model claims that the amino group in the ICT state of DMABN
and derivatives is not perpendicularly twisted, but that the ICT
state has an overall planar structure. This hypothesis was based
on experiments from which indirect information on the ICT
structure was deducé@15In support of the PICT model,
efficient ICT was observed with the planarized aminobenzoni-
triles 1-methyl-7-cyano-2,3,4,5-tetrahydréHl-benzazepine
(NMC7)?-22in diethyl ether and acetonitrile andtért-butyl-

Since the discovery of the dual fluorescence of 4-(dimethyl-
amino)benzonitrile (DMABN) by Lippert et al. in 195
the structure of its intramolecular charge transfer (ICT) state
has been under continuous discussion. Whereas Lippert de-
scribed the ICT structure in terms of a quinoidal and hence
planar resonance structuré,the emphasis of his research
was on the spectral and kinetic aspects of the ICT reaction
of DMABN. Grabowski et al. later focused their attention on
the molecular structure of the ICT state and introduced the
twisted intramolecular charge transfer (TICT) hypothesis,
which claims that in the ICT state of DMABN the dimethyl-
amino group is twisted over 9Qelative to the plane of the
phenyl ring and is hence electronically decoupled from the
benzonitrile moiety: the principle of minimum overlap?
The locally excited (LE) statéfrom which the ICT state is
formed, was considered to be planar. The TICT model was
mainly based on the fluorescence spectra of model compounds (8) Leinhos, U Kinnle, W.; Zachariasse, K. Al Phys. Chem1991 95

in which the amino group was forced to remain either planar 2013.
(9) Grabowski, Z. R.; Dobkowski, Rure Appl. Chem1983 55, 245.
(10) Von der Haar, Th.; Hebecker, A.; Ilichev, Yu.; Jiang, Y.-B.;iKue, W.;

(1) Lippert, E.; Lider, W.; Boos, H. IPAdvances in Molecular Spectroscopy; Zachariasse, K. ARecl. Tra. Chim. Pays-Bad4995 114, 430.
European Conference on Molecular Spectrosc@miogna, Italy, 1959; (11) WWichev, Yu., V.; Kithnle, W.; Zachariasse, K. Al. Phys. Chem A998
Mangini, A., Ed.; Pergamon Press: Oxford, U.K., 1962; p 443. 102 5670.

(2) Lippert, E.; Lider, W.; Moll, F.; Nayele, W.; Boos, H.; Prigge, H.; Seibold- (12) Sudholt, W.; Staib, A.; Sobolewski, A. L.; Domcke, ®hys. Chem. Chem.
Blankenstein, IAngew. Chem1961, 73, 695. Phys.200Q 2, 4341.

(3) Rotkiewicz, K.; Grellmann, K. H.; Grabowski, Z. hem. Phys. Lett. (13) Zachariasse, K. A.; Grobys, M.; Tauer, Ehem. Phys. Lettl997, 274,
1973 21, 212. 372.

(4) Grabowski, Z. R.; Rotkiewicz, K.; Siemiarczuk, A.; Cowley, D. J.; (14) Rettig, W.; Zietz, BChem. Phys. Let200Q 317, 187.

)
Baumann, WNow. J. Chim.1979 3, 443. (15) Zachanasse K. AChem Phys. Let200Q 320, 8.

(5) Lippert, E.; Rettig, W.; Bona¢é-Koutecky, V.; Heisel, F.; Mielie J. A. (16) Demeter, A.; Druzhinin, S.; George, M.; Haselbach, E.; Roulin, J.-L,;
Adv. Chem. Phys1987 68, 1. Zachariasse, K. AChem. Phys Let200Q 323 351.

(6) Rettig, W.; Maus, M. IrConformational Analysis of Molecules in Excited (17) Kwok, W. M.; Ma, C.; Matousek, P.; Parker, A. W.; Phillips, D.; Toner,
States Waluk, J., Ed.; Wiley: New York, 2000; p 1. W. T.; Towrie, M.; Umapathy, SJ. Phys. Chem. 2001, 105 984.

(7) The use of the name LE state in the ICT reaction of D/A-substituted (18) Okamoto, H.; Inishi, H.; Nakamura, Y.; Kohtani, S.; NakagakiJ RPhys.
molecules such as DMABN obviously originates from the formal kinetic Chem. A2001, 105 4182.
similarity of the ICT reaction scheme consisting of an initially excited LE ~ (19) Zilberg, S.; Haas, YJ. Phys. Chem. 2002 106, 1.
state and an ICT state and the schemes applicable to excimer and exciplex(20) Rappoport D.; Furche, B. Am. Chem. So2004 126, 1277.
formation. Strictly speaking, the excitation is just as delocalized in the LE (21) Zachariasse, K. A, Grobys M.; von der Haar, Th.; Hebecker, A.; I'ichev,

state as in the ICT state of molecules such as DMABN, the difference Yu. V.; Jiang, Y.-B.; Morawski, O Kbnle, W.J. Photochem. Photoblol
mainly residing in the degree of charge separation. When this formal kinetic A 1996 102 59. Erratum: Zachariasse, K. A.; Grobys, M.; von der Haar,
analogy as the basis for the term LE is considered to be unacceptable, then Th.; Hebecker, A.; Il'ichev, Yu. V.; Jiang, Y.-B.; Morawski, O.;"Kale,

it may be best to use the neutral teBnstate. W. J. Photochem. Photobiol., A998 115 259.
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6-cyano-1,2,3,4-tetrahydroquinoline (NTE8) n-hexane and The technique used in the present study is time-resolved X-ray
more polar solvents. powder diffraction: a pumpprobe method in which an optical

Similarly indirect experimental approaches to determine the femtosecond laser pulse initiates a reaction in the excited state,
ICT molecular structure have been reported which were Which is consequently probed by an X-ray pulse, generated by
interpreted as giving support to the TICT model. The most recent & Synchrotron of the 3rd generation (70 ps time resoluid?).
one is based on the symnti photoisomerization of a cyanopy- BY varying the time delay between pump and probe pulse, a
ridine derivative in methanol at low temperature (1832K)t series of snapshots of the changing structure is taken, each shot
should be noted, however, that, in protic solvents such as probing the average molecular structure (nonexcited plus excited,
methanol, the photophysics of DMABN is complicated by the including the dispersion of the latter) at a given time. Such
appearance of a new excited state product besides the |CcTexperiments make it possible to monitor structural changes of
species; this product has recently been attributed to hydrogenshort-lived intermediates during chemiaf* and biochemi-
bonding with the alcohol solvedt 27 cal243photoreactions, since the X-ray pulse directly probes its

Another approach to unravel the structure of the ICT state is molecular structure. Powder diffraction rather than single crystal
based on time-resolved resonance Raman3ffR® and diffraction was chosen, to guarantee a coincidence of the
infrared82%-32 measurements. It is shown by these studies that penetration depth of the optical laser pulse vyith the X-ray prpbe
for the ICT state of DMABN the frequency attributed to the PUlS€. The present experiments were carried out at the time-
N-phenyl stretch vibration shifts to lower values. From thé TR esolved beamline IDO9B of the European Synchrotron Radia-
resultd”28 as well as from calculations of IR frequenciést tion Facility (ESRF) in Grenoble.
was concluded that the dimethylamino group is electronically ~ 1ime-resolved X-ray diffraction with single crystals in the
decoupled from the rest of the molecule in accordance with the Millisecond and microsecond time regiffié¢>as well as in the
TICT model. In conflict with this interpretation, however, is Picosecond time regim&have been reported. Investigations of
the observation that the quinoidal character of the phenyl ring Structural changes of metaligand electron-transfer systems in
of the DMABNSs in the ICT state is larger than in the ground the liquid-phase applying EXAFS methods have also been
state, whereas a decrease in quinoidality should occur when thecarried outi®4?

ICT state would have a TICT structut®A general consequence
of this discrepancy is that definite structural conclusions on bond
lengths and molecular structure cannot be made frorharRl Sample Preparation. DIABN was synthesized and purified as

IR experimentsl until fu”y reliable quantum chemical calcula- described previousl§ﬁ.~34The molecular structure of DIABN is shown
tions of the transient spectra are available. as an insert in Figure 1. Crystals were grown from ethanol solution by

.. . L slow evaporation. Two kinds of powder samples were used in the

To resolve this dilemma by a direct determlna.tlon of thg experiments: first, the crunched powder of DIABN was dispersed on
St_ructu_re of the ICT Statg of a_dual-fluorescent ammobenzo_m- a 5-20um thick mica plate (the single grains did not exceed thicknesses
trile, picosecond X-ray diffraction measurements were carried 4f 509 nm), with a layer thickness not exceeding4® um. Such a
out with crystalline powder of 4-(diisopropylamino)benzonitrile  thickness guarantees that samples with an optical density of at most
(DIABN). This molecule was chosen because it undergoes 1.2 are transparent at the excitation wavelength (267 nm). In a second
efficient ICT in the crystalline stat®.The ICT state of DIABN preparation method, DIABN was directly sublimed onto the mica plates.
in the crystal is formed from the LE state with a rise time of 11 In contrast to Kapton foil, which can alternatively be used in powder
ps at 25°C, a process that slows down upon cooling, to 55 ps diffraction experiments? mica is not destroyed by the UV pump
at —110°C34 The ground state crystal structure indicates that ||ght during .the present experlments. Addltlopal Bragg diffraction
the DIABN molecules are present as pairs in a T-shaped signals coming from the mica were masked in the data treatment

Experimental Section

configuration, with a head-to-head arrangenfént procedure. The occurrence of preferred orientations in the samples was

(22) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A.; Il'ichev,
Yu. V.; Morawski, O.; Rukert, |.; Kthnle, W.J. Photochem. Photobiol.,

A 1997 105 373.
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J. Am. Chem. So@002 124, 2406.
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42, 1826.

(26) Kwok, W. M.; Ma, C.; George, M. W.; Grills, D. C.; Matousek, P.; Parker,
A. W.; Phillips, D.; Toner, W. T. Towrie, MPhys. Chem. Chem. Phys.
2003 5, 1043.
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106, 6325. Erratum: Zachariasse, K. A.; Yoshihara, T.; Druzhinin, $. I.
Phys. Chem. 2002 106, 8978.
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W. T.; Towrie, M.J. Phys. Chem. R002 106, 3294 and references cited
there.
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Figure 1. Fluorescence spectrum of crystalline(disopropylamino)- 3 ) W ICT
benzonitrile (DIABN) with the molecular structure of DIABN as an insert. n e AL
The spectral subtraction of the locally excited (LE) and intramolecular charge ” . ¥ , LE

transfer (ICT) emission bands, see text, has been carried out by using the

LE fluorescence spectrum of 4-(dimethylamino)benzonitrile (DMABN).

checked by comparing the intensity distribution of the various Bragg
peaks of the powder sample of DIABN on mica with that of powder

Figure 2. LE and ICT fluorescence response functions of crystalline
4-(diisopropylamino)-benzonitrile (DIABN) on mica at 26. The LE and

ICT decays are analyzed simultaneously (global analysis). The decay times
(72, 71) and their preexponential factofg; andAy; are given (egs 1 and 2).

samples in capillaries, in which the microcrystals are assumed to be The shortest decay time is listed first. The time in parentheses is attributed
randomly oriented. This comparison was made with a separate t0 crystal defects (see ref 34). The weighted deviations, expressed in

experiment during which the capillaries are rotateBreferred orienta-
tions were not found. As a matter of fact, an overall preferred orientation
will not influence the signal from the excited state species under

(expected deviations), the autocorrelation functidnsC, and the values
for x2 are also indicated. Excitation wavelength: 279 nm. Time per
channel: 1.978 ps.

investigation, as difference maps and relative changes under dark and,, sample could be determined from the shift of the Bragg peak

light conditions are compared.
Spectroscopic Characterization. The emission spectra of solid
DIABN were measured by using a ISA-SPEX Fluorolog 3-22 fluo-

maxima by comparing the diffraction pattern under light illumination-
with the dark diffraction pattern. The sample heating was found to be
negligible. At the beginning of a measurement cycle, time zero®)

rpmeter. Fluoresc_ence decay times wgre determined with a picose_conqNaS set by monitoring the pulse sequence of the direct laser and the
time-correlated single photon counting (SPC) apparatus descnbedx_ray beam by using a fast GaAs detector. For negative timesd),

previously¢34 The samples that were used for the fluorescence
measurements were also employed for the time-resolved X-ray dif-
fraction experiments.

Time-Resolved X-ray Diffraction Experiments. The data for the
time-resolved X-ray diffraction (XRD) experiments were collected at
the ID09B beamline of the ESRF. The setup at ID0O9B follows a
classical optical pump/X-ray probe scheme as explained elsewhere.
The pump wavelength of the mode-locked Ti:Sapphire laser, which
runs synchronously with single pulses of the X-rays (probe), was
generated by frequency tripling tax. = 267 nm. The laser power
was attenuated to-33 4J with a pulse width of 100 fs. The laser beam
was focused down to a diameter of 20600 um. Higher laser power
as well as tighter focus led to a visible photochemical degradation of
the DIABN sample. The X-ray probe pulses were selected from the
16-bunch filling mode of the storage ring using a synchronized chopper.
For a pulse width of 70 ps (X-ray) a flux on the sample of 0.5 te 2
10 photons (s 100 mA)Y was obtained in a 206« 200 um? focal
spot. The monochromatic X-ray probe beam at 16.5 kEXay) =
0.753 A) was selected by a;8imonochromator. Diffraction data were
collected with a MAR133 CCD camera (diameterl33 mm, pxl-size
= 64.7 x 64.7um?) with varying sample-to-detector distances of 20
160 mm depending on the desired resolution of the powder diffraction

pattern. The exposure time was 10 min. During the measurements, the

decay of the storage ring current was monitored online and later
included in the intensity correction of the diffraction pattern. The XRD

the X-ray pulse arrives before the laser pulse, whereas for positive times
the X-ray pulse arrives after the laser pulse. The time zero setting was
accurate within 30 ps (jitter (X-ray-laser pulse)3 ps). The repetition
frequency of the stroboscopic experiment was 897 Hz.

To reach a signal-to-noise ratio of the diffraction data sufficient for
reliable data treatment, about 5% of the DIABN sample was optically
excited. In addition, the excitation of the powder should be as
homogeneous as possible, because of the difference in the cross section
of the scattered X-ray photons (ca.#®cm2) as compared with the
cross section of the optical photons (ca.”#0cm=2). When using
organic molecules containing phenyl moieties such as DIABN, the
optical density of the material can easily reach a value-05 4or a
100um thick crystal in the UV spectral range, which results in a low
penetration depth for the optical photons and therefore in a small
nonhomogeneous excitation yield. When using UV light for pumping
this kind of material, it is therefore better to work with powdered
samples or microcrystals rather than with single crystals in the
micrometer range. The time-resolution of the present diffraction
experiments is limited by the X-ray pulse width (70 ps). Further details
of the experimental setup have been described else#hé?é?

Results and Discussion

Fluorescence Spectra and Decay Times. Spectroscopic
Characterization. The fluorescence spectrum of crystalline

experiments were carried out at room temperature. The laser and X-rayP/ABN at 25 °C, excited at 270 nm, is shown in Figure 1. In
beams hit the sample in a quasiparallel configuration resulting in an this spectrum, the emission band of the locally excited (LE)

optimal overlap between pump and probe volume. The XRD experi-

state has a maximum around 27700 ¢émwhereas the strongly

ments were carried out at room temperature. The overall heating of red-shifted intramolecular charge transfer (ICT) fluorescence

J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004 5595
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Figure 3. Molecular structure of 4diisopropylamino)benzonitrile (DIABN)
represented by a side view and a view along the-RZ0 axis. The bond
lengths (in A) have been indicated in the molecular formula. The twist angle
@ is defined by eq 3 in the text.

band peaks at 22300 crth The ICT to LE fluorescence quantum
yield ratio ®'(ICT)/®(LE) has a value of 26.7. The global
analysis of the LE and ICT fluorescence decay curves of the
crystalline DIABN on mica at 25C is presented in Figure 2.
The decay curves are defined as

i((LE) = Ay exp(—t/ty) + A, exp(—tit,)
with A=A JA; (1)

i(ICT) = Ay exp(=t/ty) + Ay exp(-t/ty) 2

The longest fluorescence decay time (3.28 ns), measured at the

emission ICT maximum, agrees reasonably well with the value
of 2.92 ns reported earlier for crystalline DIABN at this
temperaturé* For DIABN on mica, the growing-in time of 11
ps (Figure 2) was likewise reproduced. This time is that of the

30 T 1 1 I 1 1 v I
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Figure 4. Integrated powder diffraction pattern of DIABN at= 70 ps.
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Figure 5. Difference map for photoexcited DIABN & 70 to —150 ps).

by the MAR detector, with the program package Fit2@hese
patterns were normalized against the background signal. The
analysis of an integrated one-dimensional diffraction pattern of

LE — ICT reaction. Note that the time of 11 ps is smaller than 5, AgN is shown in Figure 4, which will be explained in more
the time-resolution of the present laser pump/X-ray probe setup yatail in the following section.

(ca. 70 ps).

Crystal Structure of DIABN in the Ground State. The
molecular structure of DIABN, as determined by X-ray analysis
in the ground stat&835is depicted in Figure 3. An important
feature emerging from this structure is the value of fot the
twist angle®. The data for the bond lengths and the torsional
angle® have been averaged over the two DIABN molecules
in the asymmetric unit® The angle® is defined via the dihedral
anglesg; and ¢} (eq 3).

Q= (¢ T @)2= (g1t @Y+ @ +¢3)/4  (3)
In eq 3,¢] is the dihedral angle between the atoms-C&l—
N7—C8 of Figure 37 is the dihedral angle C3C4—N7—-C9,
and ¢, is the torsional angle of one DIABN molecule of the
asymmetric unit.¢’, ¢35, and ¢, are defined in a similar
manner for the second DIABN molecule in the asymmetric unit.

X-ray Diffraction Experiments. Data Processing. One-
dimensional diffraction patterns of DIABN powder were

obtained by integrating the two-dimensional images, detected

5596 J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004

The intensities of the difference signalint) of the photo-
excited state of DIABN (Figure 5) are obtained by subtracting
the intensities of the partially excited crystalline material from
those of the nonexcited powder in the electronic ground
state. To do so, the data for= « were taken at a time where
the laser arrived just after the X-rays € —150 ps). These
data were compared with those at positive times, at which the
laser pulse arrived just before the X-rays. An example for a
normalized intensity difference at one tirnone time point of
the intensity correlation function) is shown in Figure 5. After
laser excitation at = 70 ps, the diffraction signal originates
from a mixture of ground state molecules and excited state
molecules. However, in the difference map, the nonexcited
molecules in the unit cells do not contribute to the difference
signal. The most prominent Bragg reflection changes in Figure
5 are marked by their Miller indicekl. The intensity changes
range between 1% and 8% of the total signal. The fact that these
intensity changes take place in the positive as well as in the

(49) Hammersley, A. P.; Svensson, M.; Hanfland, M.; Fitch, A. N.; Haeusser-
mann, D.High Pressure Resl996 14, 235.
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negative direction shows that the effects observed in the presendomino effect, the photoinduced structural changes lead to the
experiments with DIABN are not due to sample heating (see formation of completely new subdomains in the crystal lattice.
above). In such a case, the intensity differences would only be Decay of the ICT Excited State of Crystalline DIABN.
negative, due to an increase of the peak width resulting from Time-Dependent Correlation Function. It is assumed that
an increase of the Deby&Valler factor#! The difference map intra- and intermolecular degrees of freedom (DOFs) are
also shows that radiation damage, such as the increase of amorseparable in the DIABN crystal lattice. Under this condition,
phous background or the gradual decrease of diffraction ampli- the position of a Bragg diffraction peak is a property of the
tudes, was not observed and hence does not take place, notwithtranslational lattice and is related to acoustic and optical low
standing the repetition frequency of the experiment of 897 Hz frequency phonon modes. The intensity of a Bragg diffraction
(see above). peak, on the other hand, depends on the scattering properties

To treat the time-resolved diffraction data quantitatively, three of the atoms (scattering factor) and the molecular geometry of
assumptions have to be made: (a) the photoexcitation of DIABN the system. In the following, a derivation is presented of the
in the crystal lattice is purely statistical; (b) it is possible, within time correlation function, which exactly expresses this time-
the time resolution of the experiments, to separate lattice dependence of the Bragg diffraction peaks as a function of
movements such as translations and librations from structuralgeometrical changes in the DIABN molecule and the occupancy
changes of the molecular system; (c) the population decay of of the excited state.
the photoexcited molecules in the singlet excited state takes The correlation functioi€,(t), describing the time course of
place on a much longer time scale than the intramolecular the modulated intensity signal of tinéh Bragg diffraction peak,
structural reorganization, which is considered to be instanta- can be expressed as
neous.

Statistical Excitation of DIABN Molecules. Essential for C () = 1(6, 1) — 1(6, t = ) )
the data treatment of photoexcited DIABN powder is the " [(0,t=0)—1(0,t = )
assumption of statistical excitation of the molecules in the
periodic crystal lattice. Taking into consideration that the number wherel(0, t) is the intensity of theith Bragg peak at the position
of optical photond\Ph is equal to or larger than the number of 26 and the time. The correlation function is normalized against

absorbed photonsfi(= NI, ), one can write for the number  the intensity of the same Bragg peak at 0 andt = «.t=0

ex

of photoexcited moleculesy, . defines the starting time of the reaction &nd « indicates the
end of the reaction at time infinity, which represents the
— ; h h _ ionar f the pr t distribution.
M= 0, N™ with N> NPn = NI 4) stationary case of the product distributio

For a photophysical reaction, the decay of the occupancy of
a defect structure (such as the ICT state DIABNs a single
exponential, when a reversible reaction in the excited state does
not occur from this excited state. For the ICT state of crystalline
DIABN (Figure 2), the decay can be considered as a single
exponential, as the rise-time of 11 ps is not resolved within the
time resolution of the present X-ray diffraction experiment. The
‘total reaction as such, however, is reversible in the crystal-
lographic sense, which means that the recovery of the ground
state depletion is 100% efficient and that the molecular nature
of the reactant, from which the photophysical process starts, is

. exc . . . equal to that of the product.
Since the local photoinduced disorder in the DIABN crystal Assuming a monoexponential decay, the occupancy of the
is statistical and can be treated as originating from structural 4ot structure in eq 4 is '

defects, the representative refined cell of the photoexcited phase

is also statistical. Therefor&lyes expresses the probability that 1 _1 _ -

a certain site will be occupied by a given distorted photoexcited Naet) = Ngeft = 0) exp(-ky, t) (6)
molecule. During the refinement, the photoexcited phase is L ]

considered to have the crystallochemical formula *DIABN lNdef(t) is the occupancy of the defect structure for
where the subscripk describes the stoichiometry of the Naeft = 0) is the occupancy fot = 0, andk, is the rate
photoexcited phase as percentage of all molecules in the powdefonstant of the defect occupancy.

sample. The whole lattice is then DIABN*DIABN , and In addition, for the time-dependence of the structure factor
DIABN;_, stands for the percentage stoichiometry of the [Fru(I% an Arrhenius expression can be adopted
nonphotoexcited phase of the powder. The subscriptsdnd

whereoapsis the absorption cross section add is the number

of molecules in the crystal volume. Note that only in the case
of a localized (not excitonic) excitation, one absorbed photon
results in one distorted molecule (or asymmetric unit), for which
the structure can be refined. The following definitions are
used: defect molecules for the distorted photoexcited molecules
defect structure for their structure, ahger for the number of
photoexcited molecules of which the structure is refined, def
being an abbreviation for defediVith these definitions, the
equality NI . = Nget holds.

2 2
x are hence directly proportional fdyer. On the basis of these IFna®1” = [Fro(t = 0)I"expke, 1) (7)
definitions, the number of nonexcited (nondefeet ndef)
moleculesNpger is equal toNpges = 1 — Nget. In an analogous mannefFu(t) is the structure factor at the

During the data treatment based on the present statisticaltime t, Fr(t = 0) is this factor at = 0, andkg,, is the rate
approach, information on long range order such as periodic constant of the structural changes, i.e., the change in the structure
fluctuations of distorted structures in the crystal lattice is factor.
evidently lost. This situation differs from, for example, 1-di- The correlation functiorCy(t) of eq 5 then leads to eq 8.
mensional electron conductd¥sfor which, through a so-called  Details on the development of this correlation function will be
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T T T T occupancies (Figure 6) is possible if it is assumed that the
0.06- 4 population decay of the photoexcited molecules is much longer
than that of the structural intramolecular reorganization effects
T 004t | produced by the instantaneous light excitation. Under this
& condition, the squared structure factor changes as a Heaviside
§ step function at = 0, which can be refined for that time. Further
g 0021 ) changes in the Bragg diffraction peak are then assigned to the
© population decay related to the molecular structure represented
0'00{ { ' ] by |Fru(t = 0)|. See eq 7.
] On the basis of the assumptions listed above, the translational
O™ 3000 2050 5000 and rotational DOFs and one intramolecular torsional DOF
t/ps (Figure 1) in the molecular structure of photoexcited DIABN
Figure 6. Time course of the occupancy of the photoinduced defect- were refined. The re.m.alnlng 'ntrarPOlecu'ar DQFS (espegally
structure of DIABN. those of the benzonitrile and the diisopropylamino moieties of
DIABN) were kept fixed during the refinement since they cannot
reported elsewher®. be determined within the resolution of the presented powder

_ data (and therefore do not significantly contribute to the
G = % exp(—ky, b exptke 1) = %UNMUFth (8) observed signal changes). For this widely used rigid body
approach, refs 36 and 48 may be consulted. On the basis of the
Un, andUr,, are the time matrices for the time dependence of knowledge obtained from similar systeftighe separation of

the occupancy change and the time dependence of the structurd!©nigid and rigid parts of a molecule is reasonable, since in
changes or changes in the structure factor. the singlet excited state the distortions of the phenyl moiety as

In the case of crystalline DIABN, the transient state is Well s those of the CN substituent are negligibly small for
populated within the time resolution of the experiment. Under 4-am'|nobenzo.nltrlle.s.. In fact, since the rigid DOFs are not large
this condition,|Fr(t = 0)[2 changes with a step function tat amplltude_monons, it is not to_ be e>_<pected that they will change
0; U, of the time correlation function then acts as a constant (e intensity of the powder diffraction peaks to the same extent
offset or as a step function a@i(t) is predominantly modulated ~ @S observed here for DIABN. It should be emphasized that for

through Uy,,, which characterizes the decay of the defect the nonphotoexcited DIABN molecules (in tBgground state)
structure population. all inter- and intramolecular DOFs were held fixed during the

refinement’

C,t)= constg exp(—ky, b 9) The powder patterns of DIABN are analyzed by applying
the Rietveld refinement. Program packages GSAS and Reflex/

Reflex Plus (MSI) were use®:52 DIABN crystallizes in a

monoclinic space groug 2/c with Z = 4,35 which is typical

for organic molecules of this structut&During the refinement,

The data for the occupancy of the light-distorted DIABN
molecules'Nqe(t) in Figure 6 have been fitted by using eq 9.

"Nae(?) is a resglt of the refinement of the powder diffraction o it cell parameters were allowed to vary in order to
pattern for "’_‘" timest. The procedure for the c_)ccupancy_and compensate for small variations in the sample-to-detector
structure refinement of photoexcited DIABN will be explained jistance. For the unit cell. the valuas= 16.399 (0.001) A

in the following section. For clarity, the dynamical aspects of p _ 14 551 (-0.001) A,c = 20.475 ¢-0.001) A, and3 = 92.86

e e discgssgd first (£0.007) with Z = 4 were found (literaturea = 16.649 A,b
From the data in Figure 6, a rate consthgt, = 9.2 x 10° — 14.441 Ac = 20.354 A, and3 = 92.7) %
s 1is obtained by applying eq 9 to the decay of the refined ' ' : , 7).

occupancy (eq 6). This corresponds to a single-exponential decay A typical refined powder pattern for DIABN at lower space

with a decay time of 6.3€2.8) ns. This time is longer than the Les{olutlontr:s ShOW'? n Ft|g|ured4 f_dr=| 7tOdp§_.ffThet_S|m|Iatrt|ty .
fluorescence decay time of 3.28 ns observed for the ICT state etween the expenmental and simulated difiraction pattern 1

. L expressed by the background corrected weighted piRfietor
of DIABN powder (Figure 2). Taking into account the error . = N o
limits for the fit in Figure 6, the decay curves can be considered Rup In percent Rup = 5.7% in Figure 4). The definition dRup

to describe the same transient species, the ICT state of DIABN.'S 9ven in the Appendix, to be found in the Supporting

A possible reason for the difference in the measured decay timesln;(.)rhmat'ﬁ n t(?r? '%1)' -gheR’V',’, v?ltl;]es Off. thg rtefln;ad pattsrnl,
could be that the fluorescence intensity decay in Figure 2 is a Which retiect the “goodness ™ ot tne refined structure and aliso

direct measurement, whereas the refined occupanbiggt) theﬁ.qga“,;y of thﬁ ex?ﬁ r!(r?r? mil potwdelrdq#frgctlor!tﬁattem, ?;e
come from processed and refined data with an error bar of suthiciently small So that the structural disorder with respect to

+0.01-0.015 on a value of 0.05 Nge(t). The occupancies the intramollecullar forsional angle can pe refined. .

are normalized against 1.68 100% of state population. The As seen in Figure 7, one asymmetric unit consists of two
limits of the refined occupancy values are indicated as error DIABN molecules, so that the refined torsional angief the
bars in Figure 6.

i i i (51) Larson, A. C.; von Dreele, R. BEBSAS-General structure analysis system
Structural Reflne_me_nt .Of DIABN_m the Excited State. The Program and Handbook; 86-748; Copyright Regents of the University of
separation of the intrinsic dynamics of the structural changes California: California, 1998.
; P (52) Reflex/Reflex-Plus, MaterialsStugdiersion 2.2, Program and Handbook;
in the DIABN molecules from the decay behavior of the Accelrys Inc.: San Diego, CA, 200,
(53) Heine, A.; Herbst-Irmer, R.; Stalke, D.;"Knle, W.; Zachariasse, K. A.
(50) Techert, SJ. Appl. Crystallogr.In press. Acta Crystallogr.1994 B50, 363.
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Table 1. Refined Molecular Geometries and Occupancies of
Photoexcited DIABN Compared to Literature Values of the
Ground State?

t[ps] Puors [deg] occupancy Rup [%]

static 14.3 1.000 unknowh
—500 13.338 0.000 5.6
—250 14.2525 0.000 5.9

0 10.1768 0.025 6.2
10 11.173 0.038 5.8
70 10.0458 0.044 5.9
150 10.734 0.045 6.7
270 10.4483 0.053 6.2
415 11.2558 0.053 6.4
750 10.0923 0.045 6.7
935 10.2735 0.042 6.7
1325 10.093 0.0405 6.2
1525 10.093 0.046 6.24
1735 10.542 0.044 6.9
1945 11.3665 0.038 7.9
2365 11.2945 0.040 8.4
2580 10.881 0.012 9.95
2795 10.0935 0.011 9.34

2 The torsional anglepirs, is defined by eq 3 (see text). The uncertainty
in the refined torsional angle ig¢wr) = 1.5-2°; the error in the occupancy
o(occ) = 0.015. 100% occupancy 1.00.

Energy X-ray probe Planarizalion
pulse (70ps) of DIABN {(ICT)

ANJ\(D

i

Figure 7. Top: Superposition of the structure of the ground state (black)
with the structure of the excited state (red) 70 ps after photoexcitation. The
twist angle of the diisopropylamino group of DIABN is shown in a view
along the N7-C10 axis of the molecule (see Figure 3). Bottom: The unit
cell of DIABN in a presentation, in which all molecules are in the excited Figure 8. Photophysical pathway of photoexcited DIABN in a crystal.
state. The atoms are given in CPK colors.

Torsional Angle ¢

position in the unit cell and the intermolecular distances between
two perpendicular stacked DIABN molecules remain the same
as in the ground state (5.97 A). The intermolecular distance
between two DIABN molecules in the same stack also did not
change with respect to the ground state structure (10.99 A).
Figure 7, top, shows the ground state structure of DIABN in

diisopropylamino group with respect to the phenyl ring is an
averaged torsional angle of these two subunits (eq 3).
The results of the refinement are summarized in Table 1. For
the DIABN powder, a torsional angle df = 13—14° was found
for negative times. Within the error of the powder refinement
((:Tylsg? é;g:rir\:]a;lrjfs LipE;dALécl\iE ihiltdhgggt:rsﬂg\;s];t%gt tsr:ggle black super.impose(.j With the excited state structure in red (70
same ground state structure (see Figure 3) is determined undeP® after optical excitation).
the present experimental conditions. The torsional angle changes N conclusion, the twist anglé of DIABN in the ICT state
in a step function at = 0 from ® = 14° to 10° (+1—2°) for decreases from 240 1C°, after excitation from the ground state
the photoexcited defect structure, the ICT state of DIABN. The 10 the ICT state, showing that the overall structure of DIABN
occupancy of this defect structure was determined to be 0.050ecomes somewhat more planar in the ICT state.
according to the procedure defined in the section on statistical The results of the present structure analysis are summarized
excitation. TheR,, values of the refined photoexcited structures in Figure 8. After excitation with 267 nm, the DIABN molecules
ranged between 3.5% and 7% (Table 1). Note, that the anglein the crystal undergo internal conversion to the lowest excited
® corresponds to the final twist angle of the equilibrated ICT singlet state of LE characté(LE). From thisS(LE) state,
state. the ICT state is formed within 11 ps at 26 (ICT rate constant
The structure of the ICT state of DIABN 70 ps after k,= 9.1 x 109s™1). From the fluorescence decay of the ICT
photoexcitation is depicted in Figure 7. On the bottom of Figure state (Figure 2) it follows that this state has a lifetime of 3.28
7, the unit cell of DIABN is shown in a presentation mode, in ns. Presumably, in the solid state DIABN also shows an
which all molecules are in the excited state. Compared to the intersystem crossing from this ICT state to a triplet state, as
ground state structuf®,the molecules have not changed their has been found fon-hexane solutiof* As this triplet state
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therefore should grow in with a time of 3.28 ns, the excited equilibrated ICT state. It is therefore concluded that the ICT
state monitored here (Figure 6) is not the triplet state of state of DIABN in the crystal lattice has an effectively planar
DIABN. structure.

It is of interest to note in this connection that, for photoexcited Acknowledgment. The time-resolved X-ray diffraction ex-
DMABN powder, a torsional angle of 2iwas found for the  periments reported in this work were measured at the beamline
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Upon photoexcitation of DIABN molecules in a crystalline Noltemeyer for the X-ray crystal structure of DIABN.

powder, X-ray diffraction experiments with a time resolution
of 70 ps show that the torsional angle of the diisopropylamino ~ Supporting Information Available: ~Additional details in
group relative to the plane of the phenyl ring of DIABN appendix form. This material is available free of charge via the
decreases from 24n the electronic ground state to °lih the Internet at http://pubs.acs.org.
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