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The photochemical reaction dynamics of a set of photochromic compounds based on thioindigo and stilbene

molecular parts (hemithioindigos, HTI) are presented. PhotochefiEalsomerization around the central
double bond occurs with time constants of 216 psX E) and 10 psE — Z) for a 5-methyl-hemithioindigo.

Chemical substitution on the stilbene moiety causes unusually strong changes in the reaction rate. Electron-
donating substituents in the position para to the central double bondp@rg-methoxy) strongly accelerate

the reaction, while the reaction is drastically slowed by electron-withdrawing groups in this position (e.qg.,
para-nitrile). We correlate the experimental data of seven HTI-compounds in a quantitative manner using the
Hammett equation and present a qualitative explanation for the application of ground-state Hammett constants

to describe the photoisomerization reaction.

1. Introduction onds? Here, the special shape of the potential energy surface

. . ' . guides the nuclear motion toward the transition region and
The rapid progress in the field of time-resolved spec’troscopyf ilitat id and efficient f " f the phot duct i
allows us to gain deep insight into the fastest processes of 1actitates rapid and eflicient formation ot the photoproduct in

photochemical reactions. The field of femtochemistry combines Its electronl_c ground_sta’?(_al.:or slower photochem_lcal reactlorls
the manipulation of photochemical processes using light with (e relaxation of vibrational excess energy in the excited
the detailed investigation of the reaction stépmmediately electronic state, which occurs within a few picoseconds, may
after absorption of a photon, fast motions bring the system awaycon5|derably alter the reaction behavior. Instead of a fast driven
from the initially populated FranekCondon region. This motion ~ motion on a steep potential energy surface, a diffusion-like
is most likely controlled by the slope of the potential energy behavior on a rough free energy landscape occurs. In this case,
surface and may be related to the observation of oscillatory the reaction rate may be controlled by barriers on the free energy
features in the ultrafast experiments. Some strongly driven surface: the height of the barrier, which limits the access to the
reactions, such as thto-E photoisomerizations of stilbene or  transition region, largely determines reaction speed and ef-
azobenzene occur on time scales of a few hundred femtosec{iciency. While the manipulation of ultrafast reactions via

coherent control is limited to reaction dynamics preceding

_ :h%)rrﬁsr{ﬁnding autnor-d Fax: +49) 89-2180-9202. E-mail:  viprational relaxation, conventional parameters have to be used
e Ludpwi{f_',\,l':;'r}]rﬂ;eng?ui?\;eres'i-ta to influence slower photochemical processes. The barrier height
* Technische UniversitaBerlin. of a specific reaction may be varied by substitution, the energy
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required to cross the barrier can be supplied by an additional SCHEME 1: Chemical Structures of the Two Isomeric
light pulse. In this context, linear free-energy relations (LFER) Forms of the Photoswitchable HTI Compound$

may be applied to describe the influence of systematic modifica- :

tions of the excited-state reactién’ The concept of LFER,
which is directly linked to the existence of an energetic barrier,
was successfully applied in various fields of ground-state
reaction kinetics to describe the consequence of a variation of
reaction parameters. A most prominent example of a LFER in b
chemistry is the Hammett equatién: thioindigo-part ="y

E-isomer

Z-isomer

——
~ 500 nm

a2The present study investigates seven HTI derivatives:=FRH,
log E = log T_H = po (1) OMe, CI, Br, CN with R = H, R, = OMe, Br for Ry = H. Near UV
Ky TR at ~400 nm and visible light at~500 nm induce the isomerization
processes.

This empirical relation has originally been used to correlate the ) o ) )

influence of substituents in the aromatic ring upon the acidity ion on single steps within the photoreaction. The influence of

of benzoic acidé.Here, the reaction barrier mainly depends on th€ substitution in the stilbene part of the molecule, affecting

the change of electron density in the reaction center. The specifict'€ réaction rate of the final isomerization step, is quantitatively

substituent R, characterized by the Hammett parametés described using the Hammett relation with known ground-state
' +

directly related to the reaction rakg. Within this equatiorkg parametersy™.

and ky are the rate constants for a specific reaction of the 5 \athods

substituted and unsubstituted derivative, respectively. Electronic ) _

properties, and consequently the chemical nature (e.g., donor/ Materials, Continuous Wave (cw)-SpectroscopyThe syn-

acceptor characteristics) and the position of a substituent R, arethesis of the HTI derivatives (5-methylhemithioindigo deriva-

described by the Hammett parameteBeveral sets of Hammett tives) was conducted according to the procedures described in

parameters have been introduced to treat reactions that are poorljef 9- All substances were dissolved in dichloromethane (Merck,

described by the original constaritddere, new correlation  PUrity 99,8%) with concentrations from 1 to 5 mM leading to

constants consider resonance or steric interactmmmay even ;na Qr?]t'ﬁl clierrr]ﬁrl;[yootf'cglezﬁh alter:h?hz ?Orgerhgtbcfs?t;?'tcl)?]r;r

describe processes in the excited electronic St@tee original ximum ( ptical p gth). Two p : : - ry

o constants are the sum of inductive and resonance effects of states were prepared for the femtosecond experiments: (i) A

. i . . hotostationary state containing approximate85%2Z isomer
certain substituent. Vr\l/hen zn glec{tjrt?n-demandlrgg react|onI cente(HTl, Scheme 1, R= R, = H) was generated by using the
is in resonance to the substituent, constants best correlate output of a cold-light source (KLC2500, Schott, Mainz, in

these strgcturereactivity relations‘. The r.eactive.site itselfis  compination wih a 3 mm optical filter GG495, Schott) to
characterized by a reaction constanfThis reaction constant  jnyestigate th& — E isomerization. (ii) A photostationary state
measures the sensitivity of a specific reaction to substitution containing approximately 77% of tieisomer and 23% of the
effects and additional external parameters, for example, solventz jsomer (HTI, Scheme 1, R= R, = H) was prepared using
or temperature. The algebraic sign of the reaction constantg mercury-xenon lamp (peaks at 400/430 nm, 3 mm thick
indicates whether the reaction is nucleophilic £ 0) or optical filter GG385, Schott) to investigate the— Z isomer-
electrophilic p < 0). ization. The ratios oZ/E isomers were determined using NMR
Nearly every chemical reaction has been treated via the spectroscopy. Please note that the spedfie ratio varied
original Hammett relation or with one of its extended forms to slightly with substitution. Minor side reactions ([Z 2]
understand the related reaction mechanism or to optimize severalntermolecular cycloadditions) were observed for cw illumina-
reaction parameters for future experimehlisemains an open  tion of a mixture of theZ/E isomers over a very long time period
question whether the Hammett relation can be applied to (=20 h). During all femtosecond experiments, the initial
photochemical reactions (reactions occurring in the excited composition (ratio oZ/E isomers) was kept constant by using
electronic state). The influence of substituents on photochemical one of the described illumination setups. A spectrophotometer
reactions was found to differ from the one usually observed in (Perkin-Elmer, Lambdal9) was used to measure the
ground-state chemistfy.This reason may have caused the cw-UV/vis absorption spectra.
introduction ofc™ parameters to describe substituent influences  Time-Resolved Absorption MeasurementsA home-built
on a photochemical reactiérin contrast to these studies, a few Ti:sapphire-based laser system delivered short pulses centered
excited-state reactions were treated via the Hammett equationaround 804 nm with a duration of 90 fs, a pulse energy of 1 mJ
using ground-state constaritén order to allow a clear con-  and a repetition rate of 1 kHz; for details, see elsewRe&re.
nection between the photochemical reaction and the substitutionExcitation pulses for transient absorption measurements of the
pattern, a detailed analysis of the reaction dynamics is required.Z — E reaction were generated by doubling the fundamental in
Since excited-state reactions often imply complex reaction a BBO (type 1) crystal to 402 nm. ThE — Z reaction was
pathways, the influence of substituents on a single reaction stepinvestigated with pulses derived from a non-collinear optical
needs to be studied in order to obtain a reasonable correlationparametric amplifier (NOPX) optimized for the specific
To meet these requirements, we have performed time-resolvedabsorption {490-515 nm). The pulses were tuned to the red
absorption experiments, which allow us to monitor all inter- part of theE isomer absorption spectrum, where thésomer
mediate states together with the formation of product sfates. showed no significant absorption. The excitation energies of
The investigated hemithioindigo molecules (HTI, see the pump pulses varied between 200 and 400 nJ. A white light
Scheme 1), combining stilbene and thioindfg§can undergo continuum generated in Cg@# was used as probe light to
a photoinduced-to-E isomerization along the central carben monitor the transient absorption changes with the help of a
carbon double bond. The photochemical conversion from the multichannel detection systel¥r.13 The probing process covered
Z-form to theE-form is induced by ultraviolet light (400 nm),  a spectral range from 350 to 650 nm. The pump and probe light
while visible light (~500 nm) induces thE — Z isomerization. were focused into the sample location (pump50um, probe
The present study details the influence of the stilbene substitu-~40 um) with polarization at magic angle. A chopper blocked
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o 08 experimental rate constants and the empirical Hammett values
© .l ® si-part (according to eq 1) is given by the correlation coefficiBnA
8 04 value of R = 1,—1 corresponds to a perfect correlation
g 0‘3 depending on the slope, whilR = 0 indicates no correlation.
§ Z - isomer
9.2 (E) 3. Results
! : soonm “m"m The absorption spectra of the unsubstitufédl isomers are
§ 00 * : - ) presented in Figure la. Both isomers show overlapping absorp-
g 02 @— (&) i tion bands in the blue-green part of the visible spectrum. The
£ oo maximum absorption of th& and E isomer is found at
£ 02 (E)—>(2) A@D)max ~ 430 nm andA(E)max ~ 460 nm, respectively. The
g : peak extinction coefficient of thE isomer is smaller by a factor

= ” 2 o of 2 compared with the maximum absorption of thésomer.

i _ _ ) At room temperature, only the isomer is stable, while the
Figure 1. (a) Absorption spectra of the isomer (-) andE isomer isomer reverts into th2 form on the time scale of several hours
() of the unsubstituted compound in dichloromethane. Panel b jenending on the specific substitution pattéffne absorbance
presents the absorbance changes induced by the two photmsomenzaﬂoehanges (Figure 1b) resulting from ti E process show
processes. characteristic features with bleaching at 430 nm and absorption

d itati Ise in order to i ¢ . increase at 480 nm. The difference spectrum of the inverse
eévery second excitation pulse in order o Improve retérencing. processE — Z) is mirror symmetric. These spectroscopic data
During the femtosecond experiments, the sample solutions were,

pumped through a fused-silica flow cell with an optical path give no indications for the occurrence of side reactions.
length of 0.5 mm, and the sample volume was completely In order to gain information about the kinetics of the

exchanged between two consecutive laser pulses. Each datésomerizationz andE isomers of different HTI molecules are
point was measured with repetitive scans (ca. 10) of the time excited with ultrashort light pulses<(L00 fs) centered at 402

delay between pump and probe and consisted~@f 000 and 500 nm, respectl\_/ely. 'I_'he traq3|ent abs_orpt_lon (TA) data
averaged single laser shots. The transient background signal o the excited unsubstitutedisomer is shown in Figure 2a. A
the solvent was substracted from the sample signal. Time tracesProad excited-state absorption (ESA) modulated by ground-state
at each wavelength were corrected for the corresponding chirpbleaching (GSB, 430 nm) can be observed until the
of the white light continuum. All experiments were performed 100 ps time range. During the first 30 ps, changes in the shape
at room temperature. of the transient spectra are observed. These can be assigned to
Hammett Correlation. The procedure to evaluate the Ham- kinetic processes involving excited electronic states. Later only
mett correlation uses a least-square algorithm as implementecthe decay of the signal amplitude is seen. After 1 ns, a constant
in Origin 6.1. The quality of the correlation between the absorbance difference with bleaching at 430 nm and absorption
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Figure 2. Transient absorption data of the unsubstituted HTI compound (Scheme=1RR= H) as a two-dimensional overview of the absorbance
changes versus delay time for all detection wavelengthsZ ta)E reaction; (c)E — Z reaction. Dotted slices indicate the detection wavelength

shown for the comparison of different HTI compounds as described below. A kinetic analysis using a global fitting routine is shown for the
respective data sets in panels b and d.
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EC* between CTC and P*, is related to the time constantvhich
is 216 ps for thez — E process of the unsubstituted compound.

TheE — Zisomerization process (Figure 2c) induced by 500
nm excitation occurs on faster time scales. Again the broad ESA
is superimposed by GSB centered around 450 nm. The complete
signal decays on the time scale of 10 ps. A constant absorbance
difference with the characteristic features for product formation

Aexc Z
: \ H is found after 50 ps. A kinetic analysis results in a biexponential
behavior of the transient data set with two time constamnts;
1.0 ps andr; = 10 ps. The global analysis is plotted in Figure
H

Ei 2d. The molecules show spectral characteristics of relaxation
Z-isomer Jsomer processes on the time scalewf The scattering of excitation
] — ) o ) light in the range of the gray bar in Figure 2c,d complicates the
Figure 3. Simplified state models for both isomerization reactions interpretation of the corresponding DAS. The complete signal

(Z— E, left; E— Z, right) showing all important states together with . . :
their corresponding lifetime. Thé— E reaction consists of three steps, finally decays toward a long lasting absorbance difference due

with the rate-determining step. The E — Z reaction is a sequential  tO Product formation with the time constant

following of two states with the long-lasting time constant Please As found in the case of th& — E isomerization a
note that only one P* is drawn to keep the clarity of the scheme. Franck-Condon species (FC*) is immediately formed after
Different P* states may be involved in the two isomerization processes. photoexcitation of thé isomer. The molecule undergoes fast

. o . . relaxation processes (Figure 3, right), which may lead to a
increase at 480 nm indicates product formation (compare with partially twisted structure (TS) within 1 psqf. This 1 ps

Figure 1Db). A global fitting procedure allows us to describe the transition is only characterized by a small spectral shift as seen
temporal behavior of the transients with time constants i, the DAS in Figure 2d. The return to the ground statg is

o= 1.4 ps,z1 = 32 ps, and, = 216 ps. The decay-associated  again hindered by a barrier, which influences the access to the
spectra (DAS) related to the time constants are shown in yansition region. Here, a completely twisted structure (P*/Col)
Figure 2b. These time constants describe three intermediategives efficient access to the ground state. The complete reaction
states during the HTI photoisomerization. The DAS of the time model for both reactions is sketched in the simplified reaction
constantgp = 1.4 ps andr; = 32 ps are related to motions of  scheme shown in Figure 3. It summarizes the experimental
the molecule on the excited-state potential surface. The final findings and the interpretations made above. Here, crossing of
return to the ground state can be associated with the timethe potential barriers is the rate-limiting step for both isomer-
constantr, = 216 ps. As shown in a former publication of a ization directions. The existence of these barriers on the potential
related HTI compound, these experimental observations are besknergy surface has been proven by temperature-dependent TA
described by a sequential reaction schéfridere, alternative ~ measurements for both photoreactions and will be discussed in
reaction courses (e.g., branching) could be excluded usinga forthcoming publication.

several time-resolved techniques (UV/vis, fluorescence, IR)  \we now turn to the substitution dependence of the isomer-
combined with a theoretical modeling procedtitdhe same  jzation reaction and study HTI derivatives with different
number of time constants in the TA data and the large gypstitution patterns. Figure 4 shows an overview of the
similarities of the DAS between the different HTI molecules absorption properties of all investigated para compounds for
motivate us to adapt the published sequential m8deid to the lowest-energy transition. It can be seen that the absorption
use the same interpretation for the observed TA data: A maximum of theZ/E isomers shows no systematic change due
400 nm photon generates a Fran€ondon state (FC*) witha  to substitution: both electron-donating-OMe, A(Z)max = 448
large amount of excess energy (Figure 3, left). This state nm, A(E)max= 473 nm) and electron-withdrawing groups (e.g.,
undergoes ultrafast energy dissipation, relaxation, and solvationp-Br, A(Z)max = 442 nm,A(E)max = 466 nm) are characterized
processes resulting in the formation of a relaxed state (RS) onpy a moderate red-shift of the absorption band compared with
the time scale oo = 1.4 ps. Within this time, the emission  the unsubstituted compounp-H, Z = 438 nm,E = 462 nm).
from the FC* state is red-shifted, which explains the negative This means that the transition energy to the FC* state drops
amplitude at 490 nm and a positive amplitude at 560 nm seenonly slightly with substitution. As a consequence, the properties
in the DAS (Figure 2b, 1.4 ps). The structure of the molecule of the FC* state remain essentially unchanged.

is not drastically changed, which conserves the oscillator | contrast to this nonsystematic and moderate influence on
strength. Subsequently the former central double bond starts tothe absorption spectra, the substitution has a strong impact on
twist slightly and forms a state with a certain charge-transfer the kinetics of both th& — E and theE — Z reaction as seen
character (CTC), the time constant beingThe transition from  jn Figure 5a,b. The fastest reaction is observed for the methoxy-
RS — CTC is connected with a loss of stimulated emission substituted derivativepfOMe) and the slowest for the nitrile
around 515 nm (Figure 2b, 32 ps), which is a well-known compound§-CN). The characteristic reaction times are changed
emission characteristic of twisted specté$! These spectral by more than 2 orders of magnitude. An acceleration of the
features perfectly match the observation from former studies reaction is achieved by electron-donating groups (Figure 5a,b,
on related HTI molecule® The final decay of the CTC state  blue), while electron-withdrawing groups slow down the reaction
can be associated with the time constgnfrom this long time kinetics (Figure 5a,b, green and red). To quantify these
constantr,, we infer a barrier on the excited-state potential substitution effects, all data sets were globally fitted with
surface (Figure 3) that delays reaching a shorter-lived transition multiexponential trial functions as described for the unsubstituted
region (P25-17) still on the excited-state surface, from where derivative (Figure 2). The transient data sets of the respective
the ground state can be reached via a conical intersection'Col) compounds require thre& (~ E) or two (E — Z) exponential

in an ultrashort time. We can hence conclude that the rate-fit functions for a proper description of the experimental
limiting step for product formation, the crossing of the barrier findings. The first time constant{) is always in the range of

(Z/E), HEZ)

|

7*'EXC
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Figure 4. Absorption properties of the differeqara-substitutedz Delay Time / ps

isomers (top panel) and isomers (bottom panel). The peak positions

of the lowest energy transition {S- S) are given in the insets. Figure 5. Comparison of differenpara-substituted HTI molecules in

dichloromethane. The figure shows an excerpt of the transient data set
. o at a certain detection wavelength as pointed out in Figure 2. The
a few picoseconds and shows no significant change due toapsorbance changes are normalized at a delay time of 1 ps. The
substitution. The time constantg 72 (Z — E), andry (E — 2) experimental data points are shown together with their corresponding
vary with substitution as listed in Table 1 and refer to the fitfunction: (a)Z — E, Aprove= 526 nm; (D)E — Z, Aprope = 550 nm.

photochemical steps shown in Figure 3. The spectral shape of.

the decay-associated spectra (DAS) related to these time{é“o?\ll‘eEmlbiIgg%'r?r%e\{ﬁ;un%%for Both Isomerization Processes

constants does not depend on substitution, which indicates that

the number and type of intermediates remain constant compared Z—E E—Z  Hammett constant
with the unsubstituted compound. The similar patterns in the derivative 7, ps  72,ps 71, ps o o"
DAS of all compounds show that substitution has no impact OMe (para) 5.2 11.8 1.2 —0.28 -0.78
on the reaction mechanism while it does influence the reaction H 30 216 10.1 0 0
rate. Alternative reaction pathways via a triplet manifold as OMe (meta) 28 245 11.6 0.1 0.05
found for halogenated stilberfé§ or thioindigd® do not show Cl (para) 38 269 131 0.23 0.11
S . . . Br (para) 40 336 191 0.26 0.15
up significantly in the experiments of the studied HTI com- Br (meta) 45 1480 36 0.37 0.41
pounds. So, all different compounds react via a singlet mech- cN (para) 72 2650 300 0.7 0.66
gtn ;ts;n ainéj e?gi(ljeu clidirl:olg%\,l\j rz:,\ Sse?quentlal route back to the ground 2The time constants, (Z — E) andr; (E— Z) are related to product

formation. A fast component; (Z— E) corresponds to the formation
) ) of the intermediate CTC state. Errors for the lifetimes 429%. The
4. Discussion compounds are listed by increasing Hammett constants taken from ref

In order to test whether a LFER applies to the photochemical 4
reactions of the HTI compounds, the different time constants transition state is better described &y values rather thao
(reaction rates) are plotted in Figure 6 as a function of the values* The observed substituent effects indicate that the
Hammett parameters ando™. The Hammett correlations for  product formation during — E isomerization of HTI molecules
theZ — E process (product formatiom;) are shown in Figure occurs via a partially charged transition state with an electron-
6a,b. Here, the plot results in a linear behavior with a reasonabledemanding reaction center and effective delocalization of a small
correlation coefficient oR = —0.944 when using parameters positive chargé.The same analysis was applied to the formation
(Figure 6a). A considerably better correlationRf= —0.995 time of the CTC staterg, plot not displayed). Here correlation
is found for ot parameters (Figure 6b). In addition, we note coefficients ofR= —0.978 andR = —0.902 are obtained using
that all compounds closely follow the linear relation (Figure theo™ and thes parameters, respectively. The better fit of the
6b). This supports a common reaction mechanism foZthe ot parameters suggests that similar conclusions as presented
E isomerization. It is well-known from ground-state reactions above may be drawn about the nature of the transition region
that the situation of direct conjugation of a pair of electrons at separating TS from CTC. However thevalues (see eq 1) of
the o position of the substituent with the reaction site in the the two reactions differ considerablyi = —0.78 € — E, 11,
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Figure 6. Hammett correlation for the two isomerization processes: (a, b) Hammett correlation fBr-thE reaction usingr (a) ando*(b);

(c, d) Hammett correlation for thE — Z reaction usings (c) ando*(d). The reaction constants can be referred to the slope of the linear relation
as indicated in the lower part of each parRRlcorresponds to the absolute value of the correlation coefficient and describes the fitness of the
correlation.

not displayed) an@g = —1.66 ¢ — E, 1, Figure 6b). Because  atR = 0.962. For theE — Z isomerization, we may conclude
the absolute value of the reaction constarior the decay of that a good qualitative correlation exists for thend theot

the CTC state is 2-fold larger than the one for the decay of TS, Hammett parameters. However we are not able to decide
it can be concluded that the sensitivity to polar substituents whether thes or theo™ correlation should be preferred.
increases during the motion of the photoexci®&domer on The successful Hammett correlations for all investigated
the potential energy surface. So, the photoexciesomer is reaction steps show that a pronounced struetweactivity
transformed into a more polar species in the course of the relation exists for all investigated HTI compounds. Both

reaction. reactions Z — E, E — Z) proved to be highly sensitive to
The analysis of the product formation for the — Z substitution; the observed effects comprise more than 2 orders
isomerization is shown in Figure 6c¢,d. A valueR®f —0.981 of magnitude in time. A quantitative correlation between the

(Figure 6c) is found for thes correlation compared with  empirically derived Hammett constants and the HTI reaction
R= —0.960 for theo™ correlation (Figure 6d). Prior to a further  rates was shown and analyzed. The use of ground-state
discussion of the molecular implications of these findings, we values resulted in valuable correlations, which is surprising for
have to confirm that the major prerequisite for the validity of a reaction occurring in the excited state. The question remains
the Hammett equation, namely, a constant reaction mechanismwhy ground-state properties seem to control the photochemical
for all compounds, is still fulfilled. For reaction times longer course of the HTI molecules.

than a few picoseconds, we can assume that an excited-state The reaction rate of HTI photoisomerization is determined
reaction is controlled by barriers on the excited-state free energyby the access to the transition region (P*/Col) via a barrier
surface. Since all time constants for the—~ E isomerization between CTC/TS and P* as pointed out in Figure 3. Here, the
are longer than 5 ps (see Table 1), the assumption is valid for properties of the key intermediate P* can be used to explain
all compounds in this case. On the other handptra-methoxy the correlation between ground-state Hammett values and the
derivative has a very short reaction timg= 1.2 ps for the HTI reaction rate in the excited state. For this purpose, we refer
E — Z reaction. We now return to the analysis of the Hammett to the known model for the photoisomerization of stilbene as
correlation of theE — Z isomerization: Removing the time an analog for HTI. An early approach to describe the photoi-
constant ofpara-methoxy p-OMe) from the data set, we end somerization of stilbene is given by Saltiel and Orldfeiho

up with similar correlation coefficients dR = —0.970 @) suggested a model with two excited-state potential surfaces and
andR = —0.964 @). On the other hand, one may also test the a simplified reaction coordinate, that is, the rotation around the
outcome of Hammett correlations for a data set where the central double bond with a dihedral angleThese early models
slowest para-nitrile, p-CN) derivative is removed while keeping  have been extended by HohleichA®More recent consider-
the para-methoxy data. Here a nearly perfect correlation ations of stilbene potentials can be found in Fuss é¢ @he

with R= —0.997 is obtained whereas theorrelation remains important characteristics are shown in Figure 7a. The electronic
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allows effective and fast (much less than a few picoseconds)
repopulation of the ground state with branching into educt and
product. The time scale of the complete photoreaction is
determined by the barrier formed by avoided crossing:(B5
and $(A) limiting the accessibility of P*/Col.

We adapt this concept to the HTI molecules and assume that
two excited states,Sand S, exist and are important for the
photoisomerization (for HTI these states cannot be assigned to
A or B due to the asymmetry of the HTI molecule). It is likely
that § and S state energies are influenced by substitufibn.

At first, we assume for the vicinity of the transition region that
the energy of the Sstate is more strongly influenced by
substitution: this is shown in Figure 7b where the energetic
position of the P* minimum drops for compounds with electron-
donating groups and is increased for electron-withdrawing
groups. This results in a change in the height of the reaction
barrier and is in agreement with the trend observed experimen-

tally. The assumptions made above (Figure 7b) are supported
by the known behavior of stilberfé.On the $ and the $
surfaces, these molecules acquire a biradicaloid/zwitterionic
form in the vicinity of ¢ = 90°. We now assume that this
behavior also applies to HTI. Here again the P* minimum and
the maximum of the potential energy curve in the ground state
at¢ = 90° due to an avoided crossing (Figure 7c, black curve).
When the central double bond in the electronic ground state is
twisted by¢ = 90°, the electronic structure can be represented
by a zwitterionic specie3!”21 Due to the asymmetry of the
HTI molecules, the negative charge of the zwitterion is more
likely oriented toward the electron-withdrawing oxygen within
the thioindigo part and the positive charge is located at the
central C atom in the vicinity of the substituted phenyl ring
(see resonance structure in Figure 7c, lower part). This state
can be stabilized by an electron-donating group attached to the
stilbene part, which tends to compensate the positive charge
(methoxy compound). When electron density is removed from
the ring system (nitrile compound), a “second positive charge”
can be found for one possible resonance structure, and the
energy increases.

The energetic changes in the vicinity of the= 90° structure
have severe consequences for the barriers encountered upon

P*-state

c) State Model for HTI
WZE) «(E/Z)

0 90° PO

Figure 7. Schematic reaction profiles: (a) Orlardbiebrand model
of the potential energy surfaces of stilbéfi&?(b) proposed mechanism
for the change in barrier height for varying substitution for HTI; the

barrier on the excited-state potential surface is decreased or increase atinne (i ; ;
according to the electronic nature of the substituent; (c) a possibleqsomenzatlon' (i) In the electronic ground state, the barrier

explanation for the substitution effect is a change in the energetic P€tween theZ form and thek form is increased for electron-
location of the avoided crossing, which shifts the energetic position in Withdrawing substituents on the stilbene part. This influences
the ground and excited state in a similar manner. Two possible the thermal relaxation of th& isomer in the ground state.
resonance structures of the°avisted state (in the electronic ground (i) In the excited electronic state, the energetic position of P*
state) are shown for different substitution on the stilbene part. Their js jnfluenced in the same way as found for the ground-state
charge distribution supports the idea that the energetic position of the twisted structure. If electron density is removed from the stilbene

90° twisted state in the ground and excited state strongly depends on t b lect ithdrawi th fi it
the specific substitution pattern (shown schematically by the red and part by an electron-withdrawing group, the energetic position

blue curves). It has to be noted that the P* state does not need to beOf P* is raised, which also increases the barrier height for the
common for both isomerization directions. (The energy of the states is e€xcited-state reaction. Lowering its energy by introducing an
not to scale. EWG= electron-withdrawing group; EDG- electron- electron-donating group consequently decreases the barrier
donating group; ti= thioindigo part; si= stilbene part). height and leads to the observed trend in the photochemical

. . . . reaction rates.
ground state &A) is described by a potential curve with two

minima at¢ = 0°, 18%° and a maximum ap = 90°. The one-
electron excited state @) exhibits again two minima at
¢ = 0°, 180 and a maximum ap = 90°. Its potential energy
curve crosses the doubly excited stat¢A$ which has two

5. Conclusion

We have investigated th&E photoisomerization of several
HTI compounds with variations in the stilbene substitution
maxima atp = 0°, 18C¢° and a minimum a = 90°. Avoided pattern. A reaction model for both isomerization processes of
crossings of §B) and $(A) surfaces result in the formation  5-methyl-hemithioindigos was shown and analyzed. The effect
of barriers on the excited-state potential surface. The photo- of stilbene substitution was detailed; a drastic influence of the
chemical reaction may proceed as follows: after excitation to substitution pattern is found on the reaction rates of both the
the §(B) state, the molecule may twist around its double bond E — Z and theZ — E direction. The changes in the reaction
and gains access to the minimumgat= 90° (P*) only if it is time could be successfully correlated using the Hammett
able to overcome this barrier. A conical intersection near to P* equation with the ground-state Hammett constants, A
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qualitative molecular interpretation based on excited-state
potential surfaces and a simplified reaction coordinate in analogy
to the descriptions of the photoisomerization of stilbene explains
the correlation between ground-state Hammett constants and

the HTI reactivity in the excited electronic state. The known
Hammett constants ando™ should also allow one to predict

and to control the reaction rate of compounds with a related

reaction mechanism.
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