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The photoisomerization of the puspull substituted azo dye Disperse Red 1 is studied using femtosecond
time-resolved absorption spectroscopy and other spectroscopic and computational techniques. In comparison
with azobenzene, ther* state is more stabilized by the effects of pugiull substitution than thest state,

but the latter is probably still the lowest in energy. This conclusion is based on the kinetics, anisotropy of the
excited state absorption spectrum, the spectra of the ground states, and quantum chemical calculations. The
Si(n*) state is formed from the initially exciteds* state in <0.2 ps, and decays to the ground state with

time constants of 0.9 ps in toluene, 0.5 ps in acetonitrile, and 1.4 ps in ethylene glycol. Thermal isomerization
transforms theZ isomer produced to the more stalléasomer with time constants of 29 s (toluene), 28 ms
(acetonitrile), and 2.7 ms (ethylene glycol). The pathway of photoisomerization is likely to be rotation about
the N=N bond. Quantum chemical calculations indicate that along the inversion pathway ground and excited
state energy surfaces remain well separated, whereas rotation leads to a region where conical intersections
can occur. For the ground-stafeto E isomerization, conclusive evidence is lacking, but inversion is more
probably the favored pathway in the pugbull substituted systems than in the parent azobenzene.

Introduction SCHEME 1
Azobenzenes (ABs) are considered very promising com- hIl/\o“ N=N
pounds for data storage and other photonic applicafidrigs /©/ h hv @ Q
is due to their fast and reversible photoisomerization (Scheme /@/N*N oA on Y
1) and the fact thefE andZ isomers differ substantially in their o5 Disperse Red 1 ' z —/ _on

physical properties (volume, dipole moment, etc.). In the ground
state theE isomer is thermodynamically more stable and Zhe
isomer produced by photoisomerization can undergo thermal
reverse isomerization.

The present study of the azobenzene derivalivethyl-N-
(2-hydroxyethyl)-4-(4-nitrophenylazo)aniline (Disperse Red 1,
DR1; see Scheme 1), is motivated by the role of this dye in
light-induced matter migratioh? Although its application in
photoinduced surface patterning of polymer films is well-known,

to the nonpolaE-AB. The dipole moment is even larger after
excitation of the molecule to its7* excited state. The electronic
states of pushpull ABs differ substantially from those of the
unsubstituted AB. In the latter the lowest excited state is a
nonpolar mr* state, which is responsible for a weak absorption
in the visible range of the spectrum (ca. 440 nm), which is well
separated from the stronger-s* absorption near 320 nm. In
the push-pull derivatives a strongr—xa* absorption with

the basic photophysical characterization of DR1 is far from
complete’# In the present paper we describe our studies of the
dynamics of DR1 in three different solvents. We will show that
photoexcitation leads to very short-lived intermediates which
decay to the ground state in ca. 1 ps, and the formation of the
Z isomer as a transient photoproduct, which reverts toEhe
isomer on a time scale of milliseconds to seconds, depending
on the solvent properties. In a subsequent paper we will
investigate the dynamics of DR1 covalently linked to a-—sol
gel materiaf®

DR1 belongs to the group of pusipull ABs, in which the
AB unit is substituted with an electron-donating group in one
benzene ring and an electron-withdrawing group in the other.
Push-pull ABs have a permanent dipole moment, in contrast
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charge-transfer (CT) character is a dominant feature in the
visible spectrum, and the—rr* transition is hidden by this
strong band. Because of the permanent dipole moment of the
ground state and the charge-transfer character of the transition,
the absorption band shows a positive solvatochron§ism.
Another typical feature of pustpull ABs is that the thermal
Z — E isomerization is much faster than that for AB, and
strongly solvent dependent. As for AB, isomerization may occur
via twisting of the N=N double bond, or inversion at one of
the nitrogen atom&:10

While the kinetics and mechanism of photoisomerization of
the parent AB have been extensively studied, studies on its
push-pull derivatives have been reported by only a few groups.
Schmidt et al! reported femtosecond time-resolved fluorescence
and transient absorption studies on 4-nittgeimethylamino)-
azobenzene (DMANAB) in toluene and proposed a model to
explain the photoisomerization kinetics. First, within 100 fs,
intermolecular and intramolecular modes adapt very rapidly to
the new charge distribution caused by CT excitation and a large-

© 2006 American Chemical Society

Published on Web 10/10/2006



Photoisomerization of Disperse Red 1 J. Phys. Chem. A, Vol. 110, No. 43, 20061927

amplitude motion away from the FranekCondon (F-C) region being the lowest excited state, even in polar solvents. The
takes place on the excited-state potential energy surface (PES)quantum chemical calculations show that the photoisomerization
Then, a “search” for the conical intersection with the ground most probably occurs via rotation about the=N bond, not by
state occurs within 1 ps and terminates the excited-stateinversion.

dynamics. The authors assumed that a CT state-{af* origin)

is the lowest excited state since its energy is lowered due to the
push—pull substitution while the energy of therhstate remains
practically unaffected. Upon return to the ground-state PES, a
part of the excited molecules reverts to the inifiaform, and Disperse Red 1 (Standard Fluka) was twice recrystallized
the other part undergoes photoisomerization to Ztisomer. from toluene and characterized by NMR and HPLC:; its purity
Schmidt et al. concluded that the strong puphill substitution =~ Was estimated to be>99%. All solvents used were of
does not cause substantial changes in the photoisomerizatiorfPectroscopic or HPLC grade (Uvasol, Merck; Aldrich).
dynamics of AB, but the data presented were not considered to  Steady state absorption spectra were recorded with a diode-
allow any conclusions on the mechanistic pathway of the array UV/vis spectrometer, Hewlett-Packard 8453. Fluorescence
photoisomerization. Biswas and Umapdfhy? studied the spectra were measured with a Spex Fluorolog 3 fluorometer
influence of solvent polarity rthexane and benzene) on (Jobin Yvon).

molecular structure and isomerization dynamics of DMANAB ~ The femtosecond transient absorption setup was described
using resonance Raman spectroscopy. They observed a larg€lsewheré’ Briefly, an amplified Ti:sapphire laser system
influence of solvent polarity. Based on the comparison of the (Spectra-Physics Hurricane) equipped with two optical para-
distortions in various vibrations of DMANAB with those of ~ Mmetric amplifiers (OPAs) was used to produce-at00 fs laser
unsubstituted AB, they suggest that isomerization occurs via Pulse train at a repetition rate of 1 kHz. The probe beam was
inversion in benzene and via rotation ishexane. Hagiri et~ Provided by white light generated by focusing a small amount
all investigated photoisomerization of another puphill (20 uJ/pulse) of the fundamental beam (800 nm) on a sapphire
azobenzene derivativerans-(4-methoxyphenylazo)-itroben- ~ Plate or on a stirred 2 mm 4@ cell. The probe beam was then
zene (MNAB), upon $— Sy excitation in acetonitrile using focused on the sample. The transmitted Ilght was.coupled to
femtosecond transient absorption spectroscopy. They observedhe detectors by optical fibers. An Ocean Optics (Si, 2048 px)
very fast formation of the lowest excited stateV@thin 1 ps plug-in card diode array was used for the YMisible region

and a vibrational cooling of the ground state with a time constant (200-1100 nm). To probe a homogeneously excited area, the
of 5—6 ps. Notably, for this pushpull derivative the lowest ~ PUMp beam was focused to an area~.25 mnt and the

excited state is clearly then state, similarly to AB. probing area was kept t90.1 mn¥. The samples used for this
measurement were prepared so that the absorbance of DR1 was

about 1 in a cuvette of 1 mm thickness. To ensure full thermal
recovery of theE isomer, before every subsequent excitation
the acetonitrile and ethylene glycol samples (recovery time on
the order of milliseconds) were continuously stirred during
measurement, in a regular cuvette, and a flow cell containing
about 100 mL was used in case of the toluene sample (recovery
time on the order of seconds).

Global analysis of the transient absorption data was performed
using Igor Pro, version 5.03.In all cases three or four
exponential functions convoluted with a Gaussian function
representing the instrumental response were used to fit a data

Experimental Section

While only a few studies have been reported on the kinetics
of the photoisomerization of pustpull AB, there is a consider-
able amount of literature on their thermal isomerization. Since
the rate of the thermal — E isomerization is strongly dependent
on the solvent polarity, a rotation mechanism via a dipolar
transition state was postulated. However, Asano éfalased
on their high-pressure kinetics studies on DMANAB, postulated
that the reaction mechanism changes from inversiontiexane
to rotation in benzene and other relatively polar solvents. An
interesting study of solvent effects on the rate of the theiznal
— E isomerization and the position of the charge-transfer

absorption of th& isomer was reported by Schanze etdbr set1920 The width of the Gaussian was fixed at the best value

a(?ozﬂelr strong pli)skpull azogéz&egg d(_T_?]vatl\f/e, tn'trf.)"l obtained from the fits at single wavelengths, and its value was
(diethylamino)azobenzene ( ). They found a linear about 200 fs (fwhm) in all cases.

correlation of the rate of isomerization with the position of the

CT absorption band in different solvents, indicating that a similar

degree of CT exists in the transition state for the isomerization Results
reaction and in the FranelCondon excited state. Furthermore,

based on the unitslope relationship oAG (CT) andEmax of Calculations. To obtain information on the potential energy
DEANAB in the solvents studied, the authors suggested the gyrfaces and the electronic structures of ground and excited
possibility that the thermal and photochemical isomerization gtates, guantum chemical calculations were carried out using
reactions occur via a common intermediate that is accessibleipe B3LYP/6-31G(d) methott Excitation energies were cal-
via light-induced or thermal excitation of the ground-state dye. cylated with the time-dependent density functional (TDDFT)
In this paper we report a study on the photoisomerization of method?? Calculations were performed for AB and the push
DR1 in solvents of different polarities and viscosities using pull derivative DMANAB for bothZ andE isomers in toluene
femtosecond transient spectroscopy. The measurements werand acetonitrile using the PCM solvent moéfet? This push-
performed at magic-angle, parallel, and perpendicular geometriespull AB derivative is a suitable model compound for DR1,
of pump and probe beams. Thus, not only the decay of transientwhich simplifies calculations. Isovalue surfaces for HOMO
absorption intensity but also the decay of its polarization 1, HOMO, and LUMO for AB and DMANAB obtained from
anisotropy was investigated. We have also measured the rateshe calculations are presented in Figure 1.
of thermalZ—E isomerization and performed quantum chemical ~ The highest occupied molecular orbital (HOMO) of DMANAB
calculations to obtain information on the relevant potential harbors the lone-pair electrons of the two nitrogen atoms in the
energy surfaces and electronic states. The combined experi-azo group (n-electrons); this orbital is quite symmetric, similar
mental and computational evidence is in favor of the state to the n-orbital of AB. The highest occupiadorbital (HOMO—
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Figure 1. Representation of HOM©1, HOMO, and LUMO, transition energies, and oscillator strengths fornand 7—x* transitions for AB
and DMANAB calculated using the TDDFT/B3LYP/6-31G(d) method.

TABLE 1: Absorption Maxima and Molar Absorption Coefficients of DR1 in Different Solvents, and Calculated Excitation
Energies (Expressed admax) for E and Z Isomers of 4-(Dimethylamino)-4-nitroazobenzene

solvent DR% E-DMANABP® Z-DMANAB®
none 509 (0); 444 (0.91) 512 (0.15); 415 (0.07)
hexane 446 515 (0); 483 (1.04) 523 (0.23); 433 (0.03)
toluene 473 (31 100) 516 (0); 493 (1.07) 527 (0.25); 437 (0.02)
acetonitrile 487 (40 000) 519 (0.003); 516 (1.03) 545 (0.28); 453 (0.002)
ethylene glycol 502

a Experimental dataimaxin Nnm andemax (M ~1cm™1) in parenthese$. Computed (TDDFT/B3LYP/6-31G(d))imaxin Nm and oscillator strengths
in parentheses.Gas-phase B3LYP geometry used.

1) ands=* orbital (lowest unoccupied molecular orbital, LUMO) 1.0 — hexane N

of DMANAB, in contrast to AB, are asymmetric, being localized L ene e ’\ Y\

more on the electron-donor side and the electron-acceptor side 0.8~ - sthyleneglycol

of the w system, respectively. The delocalization of electron 8

density away from the nitrogen atom of the dialkylamino group % 06

in the HOMO-1 is responsible for the large ground-state dipole § 04

moment (see below, Table 3). Upan-s* excitation, there is

a considerable increase of charge separation, in the same 02+ |

direction as the ground-state dipole moment. This leads to the \ ) SO
solvatochromic shift in the absorption spectra, as shown below. 0.0~ T

I I I
Due to the symmetry selection rules theat transition is 300 V\‘;'OO 500 600
avelength (nm)

forbidden i n gain some intensity vi ling with
0 lt) %?e ,_bbutt_ t caThga_ *S? N iti te .S tfy” a lfOUpd g wit Figure 2. Normalized ground state absorption spectra of DR1 in
suitable vibrations. The—x* transition is fully allowed. different solvents.

Since the transition energies were calculated for ground-state
geometries, the energy gaps correspond to experimental valuesorm under the experimental conditions used (room-temperature
of absorption maxima. For th& isomer the values can be solution).
directly compared with experiment (Table 1). For thesomer Absorption Spectra of DR1.Figure 2 shows the absorption
this is impossible because the experimental spectra are notspectra of DR1 in different solvents. Photoisomerization of the
precisely known due to the impossibility of isolating itin a pure stable E isomer of DR1 to the metastablg isomer was
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Figure 3. Difference absorption spectrum of DR1 in toluene after flash-  (full geometry optimization at fixed €N=N angles) and energies for
induced photoisomerization. The spectrum shows the difference betweenSt and $ calculated as TDDFT excitation energies at the ground-state
absorption of the pur& isomer and the mixture d andZ isomers geometries. For th& isomer the angle is given as 366 —(C—N=
produced with the light flash. N).

accomplished using a flash lamp or a nanosecond laser pulsel’® E isomer at shorter wavelengths (35600 nm) and,
In the first case the spectral changes were monitored using a'"erestingly, at about 550 nm. _
diode array spectrophotometer: in the second case a gated CCD 1€ incréase of the absorption around 350 nm with corre-

detector was used. A representative difference spectrum is showr?ponding dec'rease of the absorption at about 470 nm (the
in Figure 3. maximum ofE isomer ground-state absorption) can be explained

in all solvent ined the ab i ¢ f DR1 by the difference in the positions of the absorption maxima of
n all solvents exam!ne € absorption spectrum ot | the dominantr—z* bands of the two isomers. The increase of
consists of two bands: a band in the visible range with a

maximum between 420 and 510 nm and a weaker UV band the absorption at about 550 nm can be attributed to the presence

(290300 nm). This is different for AB, which has three UV of the n—z* transition in theZ isomer, which is not hidden

is ab tion bands: K in the visibl under ther—x* band as it is in theE isomer. The TDDFT
vVis absorption bands. one very weak in the ViSIble Tange ., .jations predict the positions of the absorption bands with
assigned to the symmetry forbidderm* transition, one strong

. . * i a small systematic error (Table 1). For thésomer the energy
band in the near UV assigned tp the alloweds tran'smon, difference between the two lowest energy transitions is much
and another UMz—a* band of higher energy. The difference

" ¢ the fact that st Il substitution ind larger than that for th& isomer. This is in agreement with the
stems from the fact that rong_puspu substitution Induces experimental observation. With the B3LYP method the intensi-
CT character into the—s* transitions of AB, as illustrated by

. . . ies of the two bands of théisomer are not correctly predicted;
the results of our calculations (see Figure 1). This causes ared i, the Becke Half-and-Half method (as implemented in
SE'“ o][‘hthte tjrl_”* Eapds. .?n the lother fr]:antd, dﬂ;)e calculaltllons Gaussian 03) the relative intensities are in better agreement with
s EV\{['t ? N g” . rf;lms|| |(:n 1S :;S aftecte ty F:‘ue:)p')(l;d experiment. It should be realized that although there are still
substitution and, simrarly 1o in IS Symmetry forbidden. ., , high-energy occupied orbitals, with the corresponding
Although the visible band of DR1 originates from the strongly excited states predominantly described by promotion of one

alloyvedn—n* transition, the o™ state may still be the Iqwest electron to the LUMO, the distinction between n andrbitals
excited state. The TDDFT calculations support this state is, in fact, not possible in the nonplarisomer
ordering, but we do not consider their accuracy sufficient to ’A similér but more pronounced, long-wavelength absorption
allow a fltrm Q?n((:ilu5|ct)n. Tgeﬁfr transl[tlontm gthmgifhive of the Z isomer was observed for 4-aminoazobenzene (AAB)
some intensity dué to vibronic coupiing to the higher s in ethanol by Hirose et @° We observe the long-wavelength
transitions via torsional vibrations, as was postulated for AB, band only upon photolysis of DR1 in toluene, not in the more
?nuutclLIﬁ:;;eirfr::nntf;if:frlflgggfr st'irgr']laério(tskfi)'nXAE;t'\'ASj“" polar solyents. This_ probably because the strong absorption band
p of the E isomer shifts to the red more strongly than the weak

Cm.il)' The absorption spectra show a positivc_e Sol'vatochromic transient band. In view of the large energy difference between
shift because the ground state has a substantial dipole momenty, - o transitions in the isomer, we can safely assume that

an_d th? excited state is even more polar, the dipole MOMENtSyhe 1 state is the lowest excited state for tEeisomer of
being in the same direction. In the case of ethylene glycol, jp4 also in acetonitrile and ethylene glycol
further stabilization of the excited state by hydrogen bonding 14 calculations of the absorption spectra were performed

may contribute to the red shift. for the energy minimized structures. Interestingly, when tie N
Commercial samples of DR1 showed weak emission peaking N double bond in th& isomer is distorted, the energy difference
near 670 nm in acetonitrile, but HPLC analysis with simulta- petween the two lowest excited states increases markedly. For

neous detection of absorption and emission showed that thisexample, for a small twist of 2Qwhich requires only 0.65 kcal/
emission is due to an impurity. The intensity of emission mg| of distortion energy in the ground state, the energy of the
decreased upon repeated recrystallization. n* state decreases relative to that of the* state by 2.2 kcal/

In Figure 3 the differential absorption spectrum of DR1 in  mol in the isolated molecule, and 5.5 kcal/mol in acetonitrile.
toluene after flash-induced photoisomerization is presented. Energy curves for the ground state and the lowest excited states
Unfortunately, the difference absorption spectrum observed along the rotation and inversion pathways are shown in Figures
corresponds to a mixture of the isomers with an unknown ratio, 4 and 5.
so the actual spectrum of t@asomer cannot be determined. It Thermal Z — E Isomerization. Thermal reverseZ — E)
is clear, however, that théisomer absorbs more strongly than isomerization of DR1 was monitored using the flash-induced
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C-N=N-C dihedral angle (degrees) . .
Figure 5. Energies of §of DMANAB along the rotation pathway model?3'24T_he results are listed in Table 3. Molecular structures
(C—N=N—C dihedral angle) and energies for&hd $ calculated as are shown in Figure 6.
TDDFT excitation energies at the ground-state geometries. In the range  Starting from theZ isomer, a smooth reaction path to the
80—100 the C-N=N bond angle was constrained to values near125 inversion transition structure (TS) can be obtained by stepwise
because full geometry optimization in this range of dihedral angles increasing the EN=N angle. In this case the-EN=N—C
leads to the inversion transition structure. dihedral angle goes from11° in the Z isomer to O near the
TS. The nitrophenyl ring rotates smoothly to its final orientation
in the TS, in which it is in an orientation perpendicular to that
of the rest of the molecule (see Figure 6). For Ehisomer a

TABLE 2: Rate Constants of Thermal Z — E Isomerization
of DR1 after Flash-Induced Photoisomerization

solvent rate constant(3y . . .
smooth reaction pathway can be obtained starting from the TS.
toluene 0.035 o . S .
acetonitrile 36 Qualitatively, the solvent effect on the isomerization barrier
ethylene glycol 370 is reproduced by these calculations, but quantitatively, the

agreement is only modest. Earlier calculations by Kikuchi et
al.28 at a considerably lower level of theory (HF/6-31G//HF-
STO-3G with a generalized Born solvation model) led to the
unsubstituted AB and strongly dependent on solvent polarity. same conclusion. Remarkably, the results obtained when the
The rates of thermaZ — E isomerization for DR1 in several rotation reaction path was followed are very similar to the
solvents are collected in Table 2. The rates vary over 4 ordersfindings of Kikuchi et al.: up to a EN=N—C dihedral angle

absorption changes, as exemplified in Figure 3. Typically for
push-pull AB derivatives, it is substantially faster than for

of magnitude with solvent polarit}2> Assuming identical

of ca. 78 (10C° when coming from thée isomer), a smooth

preexponential factors, this amounts to differences in activation path is followed, in which minor changes of other geometrical

energies of 5.5 kcal/mol. For 4-(diethylamind}#itroazoben-

parameters occur following the imposed change of the dihedral

zene the activation enthalpies were reported to be 13 and 9.7angle. Then suddenly the nitrogen inversion coordinate enters

kcal/mol in benzene and acetonitrile, respectiélgvidently,
the transition structure is considerably more polar thanzhe
isomer.

Computation of Potential Energy Surfaces.The compu-

into play (at the side of the nitrophenyl ringpand the structure
optimizes to the inversion TS by an increase of theNe=N
bond angle to 180 In this geometry the €N=N—C dihedral
angle is no longer defined. This reaction path was computed

tational comparison of the possible reaction modes, inversion for isolated DMANAB, but it was qualitatively the same when
and rotation, is complicated by the fact that the rotation pathway a scan of the PES was made and the energies were reevaluated
leads through a transition structure in which thesN bond is using the PCM model for acetonitrile. Because the dipole
effectively broken, leaving two nearly degenerate p-orbitals on moment increases more going toward the pure rotation TS (up
the nitrogen atoms occupied with two electrons. Such a singletto 24 D in acetonitrile, 17 D in the isolated molecule) than in
biradicaloid configuration cannot be described properly by the inversion TS, the minimum energy pathway stays close to
standard computational methods, which use a single Slaterthe rotation coordinate somewhat longer than in the case of the
determinant to construct the electronic wave funct®t.For isolated molecule. A TS for rotation could not be located, but
the inversion pathway, this problem does not play a role: it by constraining the €N=N angle to values of 126125’

only involves a change of hybridization at one of the nitrogen structures were obtained which are ca. 4 kcal/mol higher in

atoms, and orbital degeneracy does not occur.

energy than the inversion TS. Plots of the energies of the ground

We have calculated the structures, energies, and electronicstate, § and $ are shown in Figure 5.

properties of the two isomers and the inversion transition
structure of DMANAB using the B3LYP/6-31G* methodology.

For AB, the pure rotation coordinate can be followed, without
spontaneous excursion to the inversion TS. This indicates that

Solvent effects were taken into account using the PCM the likelihood that inversion is a relevant reaction coordinate

TABLE 3: Relative Energies and Dipole Moments ofE-DMANAB, Z-DMANAB, and the Inversion Transition Structure in
Isolated Molecules, in Toluene, and in Acetonitrilé

relative energy (kcal/mol) dipole moment (D)

structure isolated toluehe ACN isolated toluene ACN
E —15.6 —15.3 —-14.1 11.1 12.7 15.5
TS 17.4 16.4 15.7 14.6 16.8 19.4
Z Qe od 0e 8.2 9.3 11.1

aB3LYP/6-31G(d) with PCMP? Geometries optimized for the isolated molecufeabsolute energy-911.210 89 hartreé.Free energy in solution
—911.207 48 hartreé€.Free energy in solutior-911.206 00 hartree.
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dihedral angle. A region with low excitation energiesH(S;—S) <
0.2 eV) is found in the range of dihedrals around 80t not near the
inversion transition structure (EN=N bond angle= 180).

for thermal isomerization is greater in the case of the push
pull systems than in AB itself.

On the basis of their CASPT2 calculations, Cembran et al.
have revived the old idea that the thermal isomerization of AB
may involve an intersystem crossing to the lowest triplet state,
which is much lower in energy than the singlet biradicaloid in
a wide range of dihedral angles around.98so for DMANAB
such a reaction path appears feasible.

At present, although our calculations support the feasibility

J. Phys. Chem. A, Vol. 110, No. 43, 20061931

ground-state absorption, and a strong broad positive band
covering much of the visible range, peaking around 700 nm.
Each of the three bands exhibits different kinetic behavior (see
Figure 9). At very early times, before the maximum of the
system response is reached, the spectrum appears to change
shape (Figure 8A). This is most pronounced in acetonitrile. The
“dip” around 600 nm may be attributed to stimulated emission
from the (incompletely relaxedyz* excited state.

The bleaching band does not return to zero amplitude during
the measurement time window (1 ns), and its recovery cannot
be fitted with a simple exponential rise function. The residual
bleaching that is observed can be explained by the fact that the
Z isomer has a different ground state absorption spectrum than
theE isomer (see Figure 3). Thus, those molecules that undergo
photoisomerization do not contribute fully to the recovery of
the ground-state absorption. Therefore the amount of residual
bleaching is informative of the relative efficiency of photoi-
somerization even if the spectral shape and absorption coefficient
of the Z isomer are unknown.

In all solvents the positive low-energy band peaking near 700
nm decays faster than the high-energy feature near 550 nm. Both
bands, however, decay quite rapidly: after about 20 ps there is
no differential absorption signal left except the part of the
bleaching band due to photoproduct formation. The low-energy
band decays monoexponentially with time constants of 0.9, 0.5,
and 1.4 ps in toluene, acetonitrile and ethylene glycol, respec-
tively, but in toluene and acetonitrile also a very short rise time
(0.13 and 0.22 ps, respectively) is obtained from the single-

of the inversion reaction coordinate on the ground-state potentialwavelength fits. In view of the approximate representation of
energy surface, we cannot exclude that the rotation pathwaythe system response as a Gaussian, the value of the rise time
will turn out to be of lower energy when calculated with a proper constant is somewhat uncertain. Decay of the band near 550
multiconfiguration method. It is unfortunately not possible at nm can be fitted with the same constants as the low-energy
present to perform CASPT2 calculations with a sufficiently large band (apparently due to the spectral overlap) and one extra
active space for DMANAB. component which is longer (several picoseconds, in all solvents).
TDDFT calculations for geometries with-e&N=N—C dihe- The bleaching band recovery can be fitted very well with all
dral angles of 8595° and G-N=N bond angles in the range three time constants obtained from fitting the time profiles of
120-135° show very small excitation energies@.1 eV), which ~ the two positive bands.
indicates that a crossing seam betwegmi®l S exists in this Subsequently, global fitting was performed on the whole data
region of the coordinate space (Figure 7). Although the restricted set using as starting values the three (or two, in the case of
DFT method is not expected to be able to properly describe the ethylene glycol) time constants obtained from single-wavelength
conical intersection structures, which have an open shell analyses. Additionally, in all cases, one constant was used to
character, Fantacci et al. showed that very low TDDFT fit the offset due to the formation of the isomer. Results of
excitation energies were observed at geometries that werethe best global fits are shown in Figure 10. In this way, decay-
calculated as conical intersections with the CASPT2 method. associated spectra (DAS) and the corresponding time constants
Moving along the inversion pathway by increasing theNt= were obtained. The values of time constants obtained from the
N angle the energy difference betweepa®d S stays large, global fits agree very well with those obtained from fitting the
which strongly supports the idea that for pughull ABs (as single-wavelength decays (see Table 4). DAS obtained from
for AB) the pathway for photoisomerization involves rotation, the global fits indicate that decays of both states giving rise to
not inversion. the positive transient absorption bands contribute to the recovery
Femtosecond Transient Absorption under Magic-Angle of the ground state. Fairly random residual distributions obtained
Conditions. Pump-probe spectra of DR1 were measured with for all global fits show that the assumed model fits the data
pump and probe beams polarized at the magic angle in tolueneWwell. Small discrepancies obtained for the first hundreds of
acetonitrile, and ethylene glycol. The pump wavelength was femtoseconds originate from the fact that spectra are changing
chosen in all cases at the short-wavelength side of the low- slightly in this time range (see Figure 8A).
energy absorption band, so that the bleaching band due to Polarization Anisotropy of Femtosecond Transient Ab-
ground-state depopulation in the transient spectrum could besorption. Transient absorption spectra of DR1 in toluene and
well detected. Control experiments with excitation at longer ethylene glycol were also recorded with parallel and perpen-
wavelengths did not reveal any difference in the dynamics. dicular relative polarizations of the pump and probe beams.
Because of this choice of wavelength of excitation, molecules From this experiment the value of polarization anisotrofy
of DR1 are excited to higher vibrational levels of ther* for transient absorption was calculated according to the relation
excited state. In all three solvents the obtained transient spectra
are essentially similar (Figure 8). They consist of three distinct loar = lpem
bands: a negative band in the range of ground-state absorption r=  F2_
(bleaching band), a weak positive band on the red edge of the par

@)

perp
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Figure 8. Transient absorption spectra at different delay times for DR1 in toluene, acetonitrile, and ethylene glycol with pump wavelengths of 425,
445, and 480 nm, respectively. (A) Early times, before the maximum of the laser pulse; (B) during decay of the excited-state population.

The value of the anisotropy(t,A) depends on the angje the few picoseconds in which the excited-state population
between the transition dipole moments of the-S Sy(r7*) decays.
transition (pump) and the transition dipole moments of the  The polarization anisotropy for transient absorption of DR1
transitions probed according to eq 2. in toluene (Figure 11) is found to be only slightly dependent
on the time delay after excitation: the anisotropy decay time
= 2(%) @) in the range of the long-wavelength band (700 nm) is ca. 8 ps,
5 2 an order of magnitude slower than the decay of the band itself

(0.9 ps). For ethylene glycol no decay of polarization anisotropy
Whenp = 0, the theoretical maximum value= 0.4 is found. was detected. For both solvents, however, the values of
This can be expected to be found when the same transition isanisotropy are dependent on the probe wavelength (Figure 12).
probed that was pumped, that is, in the wavelength range whereln the range<600 nm the anisotropy value is about 0.35,
the ground-state absorption predominates, and for stimulatedbecause the spectrum is dominated by transitions betwgen S
emission along the same transition. The anisotropy can decayand thexs* state. At longer wavelengths it gradually decreases
with time due to rotation of the excited molecules, but for to about 0.3 (toluene) and 0.2 (ethylene glycol) in the range of
molecules of the size of DR1 this requires a longer time than the pure low-energy band. This indicates that the angle between
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Figure 9. Kinetic traces at different wavelengths for DR1 in toluene.

The best fits (see Table 4) and residual distributions are also shown. 0.20 |

the transition moments of the two transitions involved (pump, 015 — LR

So—zr*; probe, S—S,) is not zero; the values af= 0.2 and
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to a clearly reduced absorption near the GS absorption maxi-
mum. An excited state (ES) absorption band is observed, which
is very broad and peaks near 700 nm. In toluene and acetonitrile
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the ES absorption rises slightly more slowly than the integrated Figure 10. Results of the best global fits (decay-associated spectra)
system response. Simultaneously with this rise, the spectrato the transient absorption data for DR1 in toluene, acetonitrile, and
appear to shift to the blue. Decay of the ES absorption occurs ethylene glycol.
with reduction of the GS depletion, but because the ground statestrongly allowed transition, suggesting that it has-sz*
is vibrationally excited, its spectrum is broadened toward longer character. Such transitions, however, are possible both from the
wavelengths, causing a transient absorption with a lifetime of nz* excited state and thex* excited state. Unfortunately, it
several picoseconds near 550 nm. Formation of the photoproducis presently not possible to perform reliable calculations of the
is apparent at longer times because recovery of the GSexcited state absorption spectra of molecules as complex as DR1
absorption near 460 nm is incomplete. or DMANAB. If the ES absorption originated from ther*
Assignment of the Excited State Absorption BandBased state, a strong stimulated emission would be expected. Stimu-
on the high molar absorption coefficient of the GS absorption lated emission from theat state, on the other hand, is likely
band (See Table 1), it is evident that excitation initially produces to be very weak because of the forbidden nature of the transition.
the wx* state, which has considerable CT character. The  The absorption anisotropy is relatively high in the wavelength
difference GS absorption spectrum after a nanosecond laserange <600 nm because the transitions probed there are in
pulse or a lamp flash indicates that the*rstate is the lowest  essence those of the ground state, i.e., the same as those excited
in energy, at least for th& isomer. The quantum chemical by the pump pulse. The long-wavelength ES absorption band
calculations support the hypothesis that this is the case as wellappears to have a smaller polarization, consistent with a small
along the twisting and inversion coordinates. Thus, it is tempting difference (ca. 29 of the direction of the transition dipole
to attribute the ES transient absorption band peaking near 700moment of the transition probed from that of the-z*
nm to the m* state. The ES absorption band corresponds to a transition pumped. The strength of the excited-state absorption
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Figure 12. Wavelength dependence of transient absorption anisotropy
at 0.5 ps in toluene (A) and ethylene glycol (B).

The changes in the spectral shape during the rise of the ES

A , B absorption band (Figure 8A) may be due to stimulated emission,
20x10 30x10° which would be expected for ther* state. On this time scale,
< parallel 5 2 N, perelel however, other dynamic phenomena such as internal vibrational
10 " relaxation (as proposed by Hagiri etlalfor another pusk
5 frer %7 perp L“‘WM pull azobenzene derivative, 4-methoxyrdtroazobenzene) and
0 NAAART . . .
T L e solvent relaxation can cause changes in the spectral shapes with
o 1Tim:(ps)3 4 a0 1Timez(ps)3 4 5 time. Solvent relaxation is likely to be more important in DR1

than in AB because of the dipolar nature of the former and the
changes in dipole moments upon excitation. The reported time
scale of solvent relaxation for toluene and acetonitif& is

Residuals (10°%)
oo
Soo
Residuals (10°)
FNEN
Soo

0.4 0.4+
. 03 . 03] in agreement with the time scale of the shift observed in our
g 02 goz_‘—w‘%’%% experiment. The Sstate was not detected by a clear transient
2 2 absorption, possibly because DR1 in this state does not absorb
< o ©=(6 = 3)ps <019 strongly at wavelengths within our instrumental range. A
0.0 . . . | 00— transient absorption band strongly red-shifted versus a band
08z &0 08 10k ey 230 assigned to the ;Sstate was detected in the case of AB at very

early delay times by different grouf§s*®> and attributed to the
Sy(r*) state of AB.

Schmidt et ak! recently reported time-resolved fluorescence
and optical absorption measurements for DMANAB in toluene.

indicates that it is due to a—x* transition, which will have a Not surprisingly, the results of their transient absorption
transition dipole moment direction (along the long axis of the experiments are similar to our results for DR1 in toluene. In
molecule) similar to that of the original absorption. The observed addition they observed a strong fluorescence with a relatively
difference in the directions of the two transitions then points to large Stokes shiftimmediately after photoexcitation, and a weak
a geometry change, which is more likely in the case of tie n~ broad further red-shifted band during the time in which the ES
state?’ absorption is present. The decay time of the strong fluorescence
Biswas and Umapati¥ concluded from resonance Raman was similar to the rise time of the long-wavelength ES
experiments that the lowest excited state of DMANAB in absorption. We did not observe a measurable steady-state
n-hexane is of “locally excited”stz*) character, in benzene fluorescence of DR1 in toluene or in ethylene glycol, and the
and more polar solvents of “charge transfer” character. Accord- weak fluorescence spectrum detected in acetonitrile was shown
ing to our calculations, in addition to therhstate there is only to be due to an impurity.
one other low-energy state, whichsigr* and CT in nature, as Formation of the Ground State. The transient absorption
illustrated in Figure 1. We suggest that the changes in the band observed near 550 nm is attributed to a hot ground state
resonance Raman spectra observed by Biswas and Umapathyproduced by the decay of the excited state. This state relaxes
are due to the change in electronic structure ofth®&/CT state on a time scale of several picoseconds. At the end of this decay,
with solvent polarity rather than a complete change in the a long-lived transient remains, which can be attributed to the
resonant state. Therti state is not observed in the resonance formation of theZ isomer. In view of current theoretical models
Raman experiments because of its low oscillator strength. it is likely that both ground-state isomers are formed upon decay
Dynamics at Very Early Times. In toluene and acetonitrile,  of the ES species to the GS PES via a conical interseétith.
the ES absorption band appears to rise with a time constant of Solvent Effects. The main influence of solvent polarity
0.1-0.2 ps. This is consistent with an assignment to tht n  manifested in the DAS is a shift of the band maxima to the red
state, which has the very short-livad* state as its precursor.  and less permanent bleaching in acetonitrile and ethylene glycol

Figure 11. Transient absorption polarization anisotropy for DR1 in
toluene and ethylene glycol: time dependence at 700 nm in toluene
(A) and ethylene glycol (B).
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than in toluene. The first effect may be due to the fact that for state to the Sstate. The subsequent decay of thestte in
DR1 the higher electronic excited states might be more polar this case occurs with a time constant of 0.$b%¥Upon direct
than the m* state and thus more stabilized in a polar solvent. excitation to the Sstate, however, decay is biphasic, with fast
Therefore, energy gaps between higher electronic states wouldcomponents reported as 6-:0.3 ps in hexane depending on
become smaller, causing a shift of the spectra to the red. excitation and emission wavelendgth(.3 ps in ethanot® and

A decrease in the amount of permanent bleaching with solvent 0.6 ps inn-hexane®* but there is also a longer component
polarity is indicative of lower efficiency for DR1 photoisomer-  ascribed to the Sstate, reported to be 0:2.0 ps (hexane,
ization in more polar solvents. However, this cannot be depending on excitation and emission wavelength®5 ps
quantified since both the exact spectral shapes and the absorption-hexanef* and 2.1 ps (ethanoff A longer component on
coefficients of theZ isomer in different solvents are not known.  the order of 10 ps observed in transient absorption is attributed
The other features of the spectra are not influenced markedlyto ground-state cooling. In ethylene glycol, all excited state
by the solvent polarity: the rise time of the ES band is decay processes are slowé?® For 4-aminoazobenzene, in
comparable and the bleaching recovery is biexponential in both which the presence of the electron-donating amino group reduces
toluene and acetonitrile. the gap between the two lowest excited states, decay & S

In the viscous and hydrogen-bond-donating solvent ethylene S, was reported to occur on a time scale of 0.2 ps in ethanol
glycol, both positive bands have similar maxima as in aceto- gnd heptanol, followed by a biphasic decay (0.6, 1.9 ps) from
nitrile but the ES absorption band is narrower. In ethylene glycol Si(n*) to the (hot) ground stat®. Also, in 4-methoxy-4
both bands decay more slowly than in toluene and acetonitrile nitroazobenzene (MNAB) the energy gap is reduced. According
anq no rise of the ES absorption bgnd can be detected. Theyy Hagiri et all the initially prepared §zz*) state (in
shift of that band at early delay times is also much less acetonitrile) is not observed, but only the(1$r*) state, which
pronounced. The lack of observation of a rise time in ethylene yecays in 1.2 ps, leading to a hot ground state which subse-
glycol may result merely from the fact that in this solvent the  q,ently cools with a time constant of 3 ps. The behavior of
buildup of the ES absorption band occurs even faster than in\yiNAB resembles that of DR1 quite strongly. Hagiri et al.
the other solvents and therefore it is not resolved by our gy jicitly state that the spectral changes observed at early times

instrument. Possibly, the solvent polarity, and not Vviscosity, e qye'to vibrational relaxation. As argued above, a contribution
plays an important role in this case since the polarity of ethylene from stimulated emission from the,Sstate may also be

glycol is somewhat higher than the polgrlty pf acetonitrile. It is responsible for the early-time spectral changes.
probable that due to the solvent stabilization the energy gap The Kineti f DR1 kedlv simoler than th f AB
between $and S states becomes smaller and thus the internal e kinetics of are markedly simpler than those 0
conversion between those two states occurs more rapidly. ~ and 4-amino-AB: the trar;jgon from th_? |n|t|aI|1Iy excitedy g
The effect of solvent polarity and viscosity on the decay rate state occurs ona time scaid).2 ps, similar to t a; in AB an
several derivatives, but the decay of the*rstate in contrast

of the § state cannot be mapped out completely with only three h il o hough
solvents. The effects do not appear to be very dramatic anyway.',[0 other cases appears a simpie exponential process, even thoug
it occurs on a time scale of only 1 ps.

Itis perhaps not surprising that the decay in acetonitrile is faster
than that in toluene due to the smallarS, energy gap, while The excited state absorption band, attributed to tf{a3)
in ethylene glycol the decay is slowest, because the high State, has a somewhat lower anisotropy than the hot ground state
viscosity slows down the exploration of the excited-state PES and ground state depletion bands. In toluene a slow decay of
during the search for the conical intersection region. the polarization anisotropy for the ES absorption band is
Comparison with Azobenzene and Other Azobenzene  observed, much slower than the population decay, but somewhat
Derivatives. The energy level diagram proposed in Scheme 2 faster than what would be expected as a result of rotational
for the processes occurring in the excited states of DR1 is motion. For AB, Chang et & attributed the anisotropy decay
qualitatively similar to the model reported for the parent AB to large-amplitude vibrational motions which cause some
and for a number of substituted derivatives. For AB itself, the reorientation of the molecules. In ethylene glycol anisotropy
kinetics are somewhat complicated. Several groups reported fastdecay is not detected, as in AB, probably because large-
internal conversion<0.5 ps3® or <0.2 ps$% from the S(za*) amplitude motions are suppressed by high viscdSity.
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