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Ultrafast Relaxation Dynamics of Perchlorinated Cycloheptatriene in Solution
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The photochemistry of perchlorinated cycloheptatriene (Cl)Ti@Es been studied by means of ultrafast paimp
probe, transient anisotropy and continuous UV-irradiation experiments in various solvents as well as by DFT
calculations. After UV-excitation to the IAstate, two competing reactions ocew [1,7]-sigmatropic chlorine
migration via two ultrafast internal conversions and a [4,5]-electrocyclization forming octachlorobicylo[3.2.0]-
hepta-[2,6]-diene. The first reaction has been studied by excitation with a 263 nm femtosecond-laser pulse.
Pump-probe experiments reveal a first, solvent-independent time consf&ﬁﬁ's = 140 fs, that can be
associated with the electronic relaxation of thé 2AA" transition, while a second ong;"""®, ranges from

0.9 to 1.8 ps depending on the polarity of the solvent. This finding is consistent with a [1,7]-chlorine migration
during the 1A—2A' transition where the migrating chlorine atom is partly negatively charged. The charge
separation has also been confirmed by DFT calculations. Transient anisotropy measurements result in a time
zero value ofr(0) = 0.35 after deconvolution and a decay constantjof 120 fs, which can be explained

by vibrational motions of CHTGlin the electronically excited states, 1And 2A. After continuous UV-
irradiation of CHTC}, octachlorobicylo[3.2.0]hepta-[2,6]-diene is primarily formed with a solvent-dependent
yield. From these investigations, we suggest a relaxation mechanism for @&ff&Clphotoexcitation that is
comparable to cycloheptatriene.

1. Introduction hydrogen shift takes place (for a theoretical treatment, see refs
S o 26 and 27). While the first conversion is believed to occur in
The elucidation of ultrafast dynamics in small polyenes after |ogs than 60 fs, the time constants for the second conversion
photoexcitation is essential in order to better understand systeMgjiverge between 70 & and 26 p$223 Calculations of the
that are of biological and technical interésthese processes potential energy surface of the 24taté® result in an excited-
often include chemical reactions like an electrocyclic ring- ctate barrier between 31.4 kJ/mol for CASSCF/6-31G and 15.6
opening (-closure), cistrans isomerizations and atom migra- j/mol for CASPT2/ANO allowing no clear assignment of the
tions. In general, photoexcitation promotes a molecule t0 a ygleyant time constant. Therefore, a more detailed mechanistic
spectroscopically bright state which often has'128,, or 1B, understanding requires improvements both experimentally and
symmetry (for a molecule witls, Can, or G, symmetry class,  heoretically. Anisotropy experiments, for example, can give
respectively). This state couples via a conical intersection t0 a 4qgjtional information on the temporal evolution of the transition
dark state of 2A, 2Ag, or 2A; symmetry, which is populated  ginole moment. Recently, Wereported on an anomalous high
in typically less than 300 fs(note that this state is symmetry  jjtiq| anisotropy of 0.58 for CHT which was interpreted in terms
forbidden only in the case df-symmetry while for G, and of a quasi-degeneration between the'lahd 2A states in the
Cs symmetry, the transition is allowed, but has typically & Iow  Eranck-Condon region. After excitation, the anisotropy rapidly
oscillator strength?. The photoinduced reaction finally takes decays within 150+ 20 fs, which is on the order of the
place during an internal conversion back to the ground state. ,qnylation decay and much faster than the corresponding free
The time constant and branching ratio between competing roational correlation times for CHT. Consequently, this relax-
processes are then determined by the potential energy surfacgion time can be considered as a pseudo-rotation of CHT due
(PES) of the dark state, i.e., the temporal evolution of a i; the [1,7]-H migration.
wavepacket on this surface and the type of the transition. If the  gagides this [1,7]-hydrogen shift, CHT is able to undergo a
latter is a conical intersection or a weakly avoided crossing, [4,5]-electrocyclic ring closure leading to bicyclo[3.2.0]hepta-
the reaction often takes place in less than 1 ps. In recent Yearsp g.diene (BHD3? 3 or to norcaradiene which is followed by
many systems have been studied both experimeftatiand a rearrangement to tolueA®.While the latter reaction is
theoretically!>-1° however many aspects are still not understood supposed to occur in the vibrational hot ground st&#éthe
in detail. former reaction takes place in the 2étate. At low pressures,
One example of such a polyene is cycloheptatriene (CHF).  the conversion to toluene has a quantum yield of nearly one
CHT has G-symmetry and a resonant photoexcitation of the which decreases with increasing pressirie the liquid phase
ground state ($= 1A’) leads to a population of the second o in low-temperature matrices, toluene is only formed in small
excited state (8= 1A"). The first excited state (S= 2A") is amounts due to a fast energy dissipation to surrounding solvent
electronically dark and, therefore, cannot be reached via a onemolecules in the electronic ground st&é&2Extended irradiation
photon process. At the second internal conversion, a [1,7]- of CHT then leads to BHD as a major final prodtiaith a
yield of about 9093 In comparison to the [1,7]-hydrogen shift,
* Corresponding author. E-mail: andreas.unterreiner@ipc.uka.de. this reaction is supposed to be at least a factor 500 slétver.
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Figure 1. IR spectrum of CHTGlin KBr pellets. - 6635 664 o 1253
. .. Vis 654.5 647 V35 101.6
Nevertheless, the absolute time constants as well as mechanistic,, 636.1 624 Vas 73.9
aspects still deserve additional experimental input. V17 626.2 612 Va7 64.1
One approach represents the substitution of all H atoms by Vs iég-g igg Vag ig-g
chlorine atoms in order to study the ultrafast dynamics of the :19 3042 na V3o :
20 . .a.

corresponding octachlorocycloheptatriene (CHg)Qlt is ex-
pected that a [1,7]-chlorine migration occurs on a longer time ~ *Both theoretical and experimental values are given for the first 19
scale due to an increased effective nmisép to now values. The remaining frequencies {2P) are experimentally not very

. . . . . . ' well resolved, and therefore, only the theoretical values are ghMeRT
photochemically induced chlorine migrations in CH§Gave calculations (B3-LYP/TZVP)e Experimental data in KBr
not been studied, but there exist several investigations of various ( )7 Exp '

A . e aa :
thermally allowed perl_cycllc_chlorlne shifts. _The first femtosecond pulses were obtained from a commercial multipass
example of a[1,5]-chlorine Sh'f.t ina cycloheptgtrlene analogue amplifier system (FEMTOLASERS) that produced 30 fs pulses
was given by LookeP who studied 5-chloro-3-dibenzof.d]- at a center wavelength of 795 nm and 1 kHz repetition 1at@.

cycloheptene. Moreover, he noted that neither 5,5-dichléto-5 The second harmonic was generated in a A00BBO crystal
benzocycloheptene nor 7,7-dichlorocycloheptatriene gave rear-(tyloe 1) and separated by dielectric mirrors from the fundamen-

ranged chlorldgs bL.'t led to.an qr}known com'pound. A similar tal. By collinearly recombining the fundamental and second
[1,5]-chlorine migration was identified by van Eis eB&Kessler . . . .
20 i 1 harmonic beams, the third harmonic was generated in another
et al* found by'H and3C NMR spectroscopy that chloro- .
troovlium chloride exists as a mixture of 1.7- 2.7- and 100um BBO crystal (type ). Because of uncompensated chirp,
Py SR the time resolution was 68 10 fs. The polarization of the

3,7-dichlorocycloheptatriene and the ionic species. As this : .
- . - probe beam was set either at°4& at magic angle~54,7)
finding depends on the polarity of the solvent, it was assumed with respect to the pump beam by means df2plate (Karl-

that the migrating chlorine atom is charged. Furthermore, they Lamprecht). Intensities of the probe pulse before and behind

f hat th [ f th igrati i I ) .
sc:)llj\?gntts at the barrier of the migration decreases in polar the sample cell were detected by Si photodiodes (Hamamatsu)
= br'éfl mmarize. CHT is a tvpical example of a small and the change of the optical density with and without pump
Ietly su 1z€, IS atypi xamp S pulse, AOD, was recorded. In anisotropy measurements, a Glan-

polyene' that pgrforms an atom shift during itg-internal Taylor polarizer (Alphalas) was used to simultaneously monitor
conversion. Using ultrafast spectroscopy as well as steady-statethe change of the optical density for the parallkDD;, and

illumination of CHTCE, the effect of perchlorination of polyenes perpendicular, AODy, components. All experiments were

can be studied in order to obtain new insights on mechanistic . .
. . ) X performed in a flow-cell system at room temperature. The optical
aspects concerning polyenic reaction. In this work, ultrafast .
ump—probe, transient anisotropy and continuous irradiation density was=4 to ensure that _the pump beam was 'afg?'y (1/e
P ’ decay) absorbed within a thickness 0.1 mm to avoid a

experiments of CHTGl as well as DFT calculations are : . .

presented and compared to CHT as well as to other reactionsnOt'ceabl.e group velocity mismatch betwgen pump and probe

with charged migrating particles. pulses Wlth_lr_1 the sampké. The concentration of CHT under
these conditions was 10 mol/L in various solvents. In order to

identify solvent effectsAOD values of the transient response

were recorded in pure solvents& 1 mmcuvette. In this case,

CHTClg has been prepared in-house according to a method the pump beam was not absorbed within 0.1 mm in contrast to
described in ref 45 and its puritg©5%) has been checked by dissolving CHTC4. By comparing these transients with those
13C NMR in CDCk (Bruker, 250 MHz), IR spectroscopy with ~ for CHT, we found a solvent contribution of about 5% in
KBr pellets between Csl windows (Bruker IFS 113), andtV ~ cyclohexane and-hexane while it was almost 20% in 2,2,2-
vis spectroscopy (Varian, Cary 5e) and by the determination of trichloroethanol (TCE).
its melting point (85°C compared to 86C in ref 45). Since no Chemical reactions of CHTglnder continuous irradiation
IR data have been published for CHEGAn FTIR spectrumis  were investigated by using a Hg/Xe arc lamp (Mo that has
shown in Figure 1 while the frequencies were compared with two prominent lines at 263 and 275 nm; i.e., they are located
DFT-calculations (B3-LYP/TZVP) using the program TURBO-  within the absorption band of CHTEIA home-built shutter
MOLE.*6-48 A comparison between calculated and experimen- system ensured the reproducibility of irradiation times such that
tally determined vibrational frequencies is given in Table 1.  the time intervals were identical for each experiment. CHTCI

Femtosecond pumfprobe and anisotropy experiments were solutions were filled i a 1 mmquartz cell and spectra were
carried out with a setup described previou®lyln brief: recorded by a UV-vis spectrometer (Varian, Cary 5e). Care

2. Experimental Methods
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Figure 2. UV spectra of CHTQ in isopropanol (black curve),
trichloroethanol (dark gray), cyclohexane (gray), and chloroform (light b) 0 ||| oio:lllzoss | Aol 455 1| haa | le:sl ||| a0
gray). The open circles show its gas-phase spectrum under saturated L e b b b e b i
vapor pressure at100 °C. The thin line is a spectrum of CHT in L b i
cyclohexane. e g [
ﬂ 0.8 0.8
was taken to maintain a constant photon flux in the sample by T i [
- 06 0.6
controlling the lamp current. £ g B
o] i [
3. Results and Discussion =0 0.4
. () ] [
3.1. Steady-State Measurementd:igure 2 represents the ) 02 -0.2
gas-phase steady-state "YVis spectrum of CHTGlat saturated < ; J :
vapor pressure at100 °C in (open circles). It shows two L 0.0

absorption maxima at; = 262 nm andl, = 222 nm, which a0 bl alllee 26 Ehias
can be considered to b& < x transitions in analogy to CHTX t/ps

In solution, these maxima are red-shiftedio= 270 nm (271 Figure 3. (a) Comparison of magic angle measurements of C|TCI
nm in TCE and 268 nm in isopropanol) afagl= 227 nm. The in trichloroethanol (dark gray) and cyclohexane (gray). The pump
corresponding spectra are shown in Figure 2 as thick solid lines.wavelength was 263 nm and the probe wavelength 395 nm. (b) Magic
In chloroform and TCEJ, is masked by absorption bands of angle measurements of CH§@ various solvents (isopropanol (black
the solvents. On the other hand, one finds for CHT= 255 curve),n-hexane (thir) black), trichloroethanol (dark gray), cyclohexape
nm (261 nm) and, = 194 nm (199 nm) in the gas phase (values é%ﬁ?yzﬁgwgﬁggﬁ';eg'ﬁg Sﬁgys)?]fvtvﬁfe same wavelengths. For clarity,
for cyclohexane as solvent are given in brack&t3he spectrum

exhibits a band shape similar to CHEQIut blue-shifted (see
thin black line in Figure 2) since chlorine atoms are lowering
the energy of the conjugated-system?® The absorption

1
o
L

exponential decay, while the one used for CHTid not
distinguish betweem andz, becauser, i.e., the time constant
for the 1A'—2A' transition, was supposed to be faster than the

coefficient ati, wangTetermmed teg"" " = 5100 L mor* time resolution of the experiment. Therefore, we will denote
cm for CHTClg (¢ = 3100 L mor™ cm*l),502| while 42 is the 1A—1A" transitions in CHT byrid'" combiningz; andr,.
much smaller for the perchlorinated species '(** = 6500 L Measurements of CHTglhave been performed in five
mol~! cm~154 compared tos5"" = 17 800 L mot* cm).55 different solventsr{-hexane, cyclohexane, TCE, chloroform, and
3.2. Pump—Probe MeasurementsPump-probe and tran-  isopropanol) and the resulting time constants are given in Table

sient anisotropy experiments in different solvents were per- 2. While at early timest(< 150 fs) the transient response is
formed using 263 nm pump and 395 nm probe pulses. Figure comparable for all solvents, the profiles are clearly different on
3 shows pump-probe measurements under magic angle condi- a longer time scale. A more quantitative analysis using egs 1
tions in TCE (upper triangles) and cyclohexane (lower triangles). reveals that for unpolar solvents (i.e:hexane and cyclohex-
Time constants were extracted using the following model ane),r, is a factor of 1.5 shorter than for the polar solvents

adopted from the CHT dynamiés: chloroform and isopropanol and a factor of 2 shorter compared
to TCE. The third time constants, attributable to vibrational
CHTCl, o CHTCIB(lA") 1) relaxation, i.e., equilibration with the surrounding medium was

>60 ps for all solvents. Since a more detailed analysis of

1A 1 oA vibrational relaxation requires wavelength dependent measure-
CHTCIB( )= CHTC|8( ) ) ments, it will be omitted in the following discussiéh.
N T From the analysis of the transients in terms of egs 1-4 and in
CHTCIS(ZA)—>CHTCI8* (3) analogy to the CHT system we tentatively assign the [1,7]-
. sigmatropic Cl-migration in CHTGIto occur at the second
CHTCI* = CHTClg 4) conical intersection. This is further substantiated by our recent

pump—probe experiments on CHT and its perdeuterated coun-
CHTCIM") and CHTCH?®) denote molecules in the TA  terpart CHT@ where a time constant afd'™ = 110 + 10 fs
and the 2A states, respectively, CHTEI represents the — andrd' ™™ = 150+ 15 fs was attributed to the corresponding
vibrational hot ground stateq is characterized by the temporal H (D) migration?® The difference between these two constants
resolution and ther; are the time constants for the various was explained by a simple energetic picture implying O

relaxation processes. Note that this model leads to a three-«/ﬁ, whereu is the reduced mass which can be approximated
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TABLE 2: Time Constants for CHTCI g after Excitation at 263 nm and Probing at 395 nm in Different Solvent3

solvent T4/fsP Tolfs? 73/ps :%/fs °/ps ro u/D F(eo,n)
n-hexane 135t 20 905+ 150 >60 150 6 0.27 0 0
cyclohexane 145 20 900+ 150 >60 120 7 0.30 0 0
TCE 130+ 20 1845+ 200 >60 135 8 0.30 >3¢ 0.51
chloroform 1404+ 20 1420+ 200 >60 120 10 0.25 1.16 0.29
isopropanol 136t 20 1460+ 200 >60 100 5 0.30 1.85 0.63

2 The s are the time constants for the pump-probe spectroscopyzhee the time constants for the anisotropy decayrasdhe time zero
anisotropy. Also listed are the dipole momentf the solvents and the dielectric measure of the sol#agn), calculated by eq 7 The errors
for thezis are estimated by the deviations of several measurements, which excggddvéation of a LevenbergMarquardt algorithm by a factor

of 2. ¢2,2,2-Trichoroethanol has two isomeric forms (cis and trans) with different dipole moments. For a brief discussion of the given value, see

Appendix A.2 and ref 80.

TABLE 3: Ab Initio Calculations of the Moments of Inertia
Ii, Correlation Times for Free Rotational Motion (z;; =

TABLE 4: Mulliken Charges for the Ground State (g.s.)
and the [1,7]- and [1,5]-Transition States for CHT and

(27/9)(1i/kT)Y2 (see Ref 83) at Room Temperature, and the CHTCl g2
Zero-Point Corrected Energy Barriers. CHT g.s° CHT[L7F CHT [L7P CHT [L5F
CHT CHTC Cl  —01351  —00794 00420  —0.0982
moments of inertia/kg A 15 =2.273x 1074 1, =3.093x 10°# Cc2 —0.0897 —0.1190 —0.1962 —0.1129
lg=2.275x 1074 1g=2.769x 10~ C3 —0.1477 —0.0369 —0.0770 —0.0969
lc=4.157x 1074 1c=4.381x 10# C4 —0.1435 —0.1301 —0.1767 —0.2232
correlation time/ps Tea = 0.52 Tea=1.91 C5 —0.0932 —0.0377 —0.0802 —0.0484
7eg = 0.52 73 = 1.80 C6 —0.1309 —0.1205 —0.1974 —0.1052
7cc=0.70 Tec=2.27 C7 —0.2614 —0.0802 —0.0484 —0.2195
energy barrieAEgs s H8 0.1256 0.1196 0.1655 0.1223
[1,7]-shift 267 kJd/mol 117 kJ/mol H9 0.1211 0.0645 0.1019 0.1158
[1,5]-shift 155 kJ/mol 78 kJ/mol H10 0.1154 0.0810 0.1123 0.1214
. . . H11 0.1149 0.0593 0.1021 0.1527
by the mass m of the migrating _partlc_ie=( H, D, or CI).Tgrom H12 0.1207 0.0807 0.1125 0.1196
this, one would expect a combined time constantfé'f 8= H13 0.1260 0.0646 0.1020 0.1182
110 fg,/m/m, ~ 650 fs for CHTC}. Inspection of the first ~ H14 0.1127 0.1200 0.1672 0.1525
Mor M b Insp 15 0.1650 0.0142  —0.0447 0.0538

two time constants of CHT@In nonpolar solvents (cyclohexane
andn-hexane) gives; = 140 fs andr, = 900 fs, respectively.

CHTClgg.s2 CHTClg[1,7° CHTClg[1,72 CHTCl[1,5

This can be combined to one time constagt' ¢ of ~ 720 fs C% :8'82(1)2 g'gggg _0'83324 O'géggs
ich i % higher than the expected time constant of ) ’ ’ )
which is only 10% hig P C3  —0.0266 0.0374 0.0312 0.0174
our oversimplified modet c4 —0.0283 —0.0034 —0.0943 —0.1090
An analysis of the transients in various solvents reveals a C5 —0.0108 0.0354 0.0311 0.0395
more complex situation. According to the time constants given C6 —0.0899 0.0352 0.0446 0.0392
in Table 2,7, roughly increases with increasing polarity of the 0.0792 0.0222 —0.0370 —0.1072
Ivent (for a more detailed analysis, see part 3.5). If we identify cie 0.0445 0.0365 0.0800 0.0497
solve inalysis, see part 9.9). ifwe dentily: ¢jg 0.0140 0.0178 0.0665 0.0405
the time constant to be attributable to the [1,7]-Cl migration, cj10 0.0182 0.0148 0.0499 0.0494
polar solvents lead to a retardation of the chlorine shift. Thisin Cl11 0.0186 0.0061 0.0473 0.0717
turn indicates a charge separation within the CHr@blecule Cl12 0.0143 0.0154 0.0498 0.0329
that is stabilized by polar solvents. These findings are supported g:ﬁ 8-8‘2‘32 8-8%2 8-8233 8'8‘71%
by theoretical treatments (see part 3.3). clis 0.0034 —0.3245 —0.4214 —0.3004

3.3. DFT Calculations. Comparing the pumpprobe data
for CHT and CHTC4, one of the main differences is the
behavior in various solvents: While no solvent dependence o
the time constants has been reported for CHthis is not the

2 The numeration is defined in Figures 4 and 5. The migrating atoms
fare H15 and CI15, respectivel/(B3-LYP/TZVP). ¢ (BP/SV(P)).

support our assumption that in the case of CHT&lIcharge

case for the perchlorinated species. For a better understandingseparation occurs during the atom shift. Moreover, the activation
DFT calculations (B3-LYP/TZVP if not mentioned otherwise) energies for the [1,7]- and the [1,5]-migration of CHE@ke

of the ground and transition states of the photochemically significantly lower than for CHT (by 112 and 39 kJ/mol,
allowed suprafacial [1,7]-Cl (-H) and the thermally allowed respectively). Please note that in these calculations neither
suprafacial [1,5]-Cl (-H) migratiorfé have been performed. The nonadiabatic processes between different potential energy
results are given in Tables 3 and 4. lllustrations of the ground surfaces nor entropic influences were incorporated, and hence,
state and the two transition states are given in Figures 4 and 5.accurate single point calculations for the transition states that
In the ground state, both molecules belong to@Ggsymmetry are supposed to be located in a conical intersection (or weakly
group. The angles between the plane defined by the atoms C1avoided crossing) are difficult to determitfeThis might explain

C2, C5, and C6 and the,8, (C,Cl,) group @) or the Ch the discrepancy between the experimental value for the [1,7]-
(CClp) group @), respectively, arei; = 31° anda, = 66° for H shift (458 kJ/mol}? and the theoretical value using DFT-
CHT and become slightly largeo{ = 38° anda, = 67°) in calculations (267 kJ/mol). Interestingly, the experimental value
CHTCIs. A Mullikan population analysis of the ground state also differs signifcantly from ab initio calculations performed
shows no unusual charge distribution for both molecules while by Steuhl et af® (443 kJ/mol for CASSCF/3-21G, 399 kJ/mol
for the [1,7]- as well as for the [1,5]-transition states, the for CASSCF/6-31G*, 337 kJ/mol for MNDOC-CI, 314 kJ/mol
migrating chlorine atom carries a considerable amount of chargefor CASPT2/ANO) where nonadiabatic influences are explicitly
(—0.32 for BP/SV(P)~0.42 for B3-LYP/TZVP for the [1,7]- incorporated. Therefore, these results show the current limitation
and—0.30 for the [1,5]-migration; see Table 4). These results of theoretical techniques. For example, the method which gives
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[1,5]-chlorine shift (49.2 vs 68.3 kJ/mol) also using DFT
calculations (B3-LYP/6-31£G**).43 They assumed a fast,
thermally allowed [1,7]-chlorine migration to explain the
behavior in NMR measurements. If the nonadiabatic correction
are not significant, this reaction contradicts the Woodward
Hoffmann rule$* where a sigmatropic [1,7]-shift is only
photochemically allowed, but not thermally. For CH}7@hd
CHTCls, however, no contradiction to the Woodwatid off-
mann rules is expected (see Table 5).

3.4. Anisotropy MeasurementsTransient anisotropy mea-
surements have been performed in the same solvents as the
pump—probe experiments and the temporal evolution of the
anisotropy has been calculated using the following eqution

J;) = AOD; (t) — AOD (1) 5)
Figure 4. Geometries for the (a) ground state, (b) [1,7]-transition state AOD, (t) +2A0D(t)
and (c) [1,5]-transition state geometry of CHT using DFT (B3-LYP/
TZVP) calculations. (d) Ground state geometry of BHD. where AOD; and AOD are described in the experimental

section. Typical anisotropy profiles are shown in Figure 6. At
a first glance, the process can be considered to be biexponential
with time constantg; and 75. The corresponding time con-
stants and the time zero anisotropies are given in Table 2. One
realizes that the anisotropy behavior, especigllydoes hardly
depend on the solvent; it is therefore possible to determine a
solvent independent time constafit= 120 + 20 fs, which is
close tor; in the pump-probe studies. Moreover, the time zero
anisotropy for all solvents is 0.28 0.03 and 0.35: 0.03 after
deconvolution (see Figure 6). As expected, the deconvolution
increases the initial anisotro§Again, a comparison with the
values for CHP® is instructive. First, the initial anisotropy for
CHTClg is remarkably smaller~0.3 compared to~0.6 for
CHT). In CHT, the anomalous high anisotropy was explained
by a quasi-degeneracy of excited states; i.e., the molecule is
considered to be excited in the vicinity of a conical intersection.
The absence of such coherence effects indicates that the 1A
2A' transition of CHTCY is not in the Franck Condon region
Figure 5. Geometries for the (a) ground state, (b) [1,7]-transition state, leading to a substantially lower initial anisotropy. From this

and (c) [1,5]-transition state geometry of CHEGsing DFT (B3-LYP/ - ; ; ; ;
TZVP) calculations. (d) Ground state geometry of BHRCI fcl:r:)dr:g%ec:?negcti;r;a;seir?:légthz?ﬁgze time zero anisotropy in CHT.

the best agreement with the experimental excitation energy 1
(CASSCF/3-21G) gives the largest deviation from the barrier rt=0)= 5 (3@052,35_ 1) (6)
in the 2A-state, which is probably incorret®?’ In all cases,
the value for theoretically calculated [1,7]-energies are too small. one can calculate the angbedefined by the orientation of the
In particular, DFT calculations relying on the adiabatic ap- pump and the probe transition dipole momefitsdpandziprobd
proximation as presented in this work give (not surprisingly) i.e., in this casg®HTC = 17°. Because of analogue structures
the largest deviations with 41% of the experimental value.  and the same symmetry of CHT and CHEChis angle is
Certainly, absolute values for the barriers obtained by DFT supposed to be similar. However, the effect of quasi-degenera-
calculations have to be taken with care; nevertheless, the generajion has to be considered. In ref 61, this is treated in more detail,
trend by continuous substitution of H by Cl atoms may be so only the relevant aspects shall be summarized here. If the
instructive. Therefore, ground and transition state geometries1A" and the 2Astates were degenerate, CHT would be excited
and energies for a set of different chlorinated CHT derivatives to a statge}= a]1A" [ b|2A'COwhose transition dipole moment
were calculated. The number of chlorine atoms was increasedpossessed the greatest projection onto #vxis, i.e., the
starting at the saturated C atom (i.e., 7-CHTCI, 1,7,7-CHTCI polarization axis of the pump pulse (hefe+ b2 = 1). Such a
1,6,7,7-CHTCJ etc.). The results are given in Table 5. With  model leads to a time zero anisotropyr¢®) = 0.7°! This is
decreasing number of Cl atoms, the molecule is less tilted while consistent with other modéfs®4 and has also been demon-
the difference in activation barrieraE; = E" — E* strated experimentally for the case of MgT®Rf one of the
between the [1,7]- and the [1,5]-transition states reduces andexcited states is dark, it cannot be reached by a one-photon
becomes negative for six chlorine atoms or less. Furthermore, process; however, it can couple nonadiabatically via a conical
the migrating chlorine atom is charged in all cases and a intersection (or weakly avoided crossing) with the bright state.
Mullikan population analysis reveals that the amount of charge This coupling can be described by a mixing angle between these
is nearly identical £0.32+ 0.02 for the [1,7]-migration using  two states. Furthermore, since CHT has no geometrical restric-
BP/SV(P)). In agreement with our results, Okajima et al. earlier tions due to group theory (e.g., MgTPP hasfymmetry which
found that for 1,7,7-trichlorocycloheptatriene the activation determines the relative orientation of the transition dipole
energy for a [1,7]-chlorine shift is lower than the energy for a moments) zi,ump andiprobe=ienmay include any angle. Setting
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TABLE 5: Activation Energies for the Chlorine Migration and Characteristic Angles of Several Substituted Chlorinated CHT
Derivatives?

molecule EM7/kJmolt EMS/kJmol—? AE/kJ-mol~t oy/deg oo/deg
7-CHTCI 42.8 97.1 —44.3 44.4 19.0
1,7,7-CHTC} 50.2 76.8 —26.6 47.4 19.9
1,6,7,7-CHTCJ 53.5 72.0 —18.5 59.3 24.4
1,2,6,7,7-CHTG 57.3 68.1 —8.8 61.4 25.9
1,2,5,6,7,7-CHTGI 65.4 67.4 -2 63.5 27.6
1,2,3,5,6,7,7-CHTGI 75.0 65.9 9.1 64.8 30.7
CHTClg 95.8 69.5 26.3 67.0 38.0

@ o; anda, denote the torsion angles of the C7 and~C3 atoms out of the C1C2—C5—C6 plane (compare the numbering system with Figure
5). The calculations were performed with DFT (BP/SV(P)). 7,7-CHTi€missing due to convergence problems of the transition states.

[l S 1L LS00 e el ‘100%4 interpretation is as follows: After excitation, the molecule is
=n ] 5 v 7 S expected to vibrate strongly in the 1/Astate before reaching
] | [ the transition state of the [1,7]-migration (tA2A" transition).
— 03] E i o3 Therefore, vibrational motions in the excited states are necessary
r=iif i g A to “prepare” the molecule for the [1,7]-shift, which leads to a
il 8 B Al fast decrease of the anisotropy within 120 fs while the Cl-shift
< iaior § i is slower.
"g ] i The second time constanty is attributed to rotational
= 017 0.1 diffusion and chlorine migration. Rotational diffusion mainly
© depends on the friction of the molecule in the solvent whereas
0.0 oo the chlorine shift leads to a pseudorotation of the molecule which
0 250 "500 780 1000 causes an additional displacement of the transition dipole

moment and hence an anisotropy decay. These two processes
are not separable with transient anisotropy measurements.
However, sincer; is longer thanz, in the pump-probe
experiments and shows no clear solvent dependency, it will be
primarily assigned to reorientation dynamics.

3.5. Discussion of the Femtosecond Dynamic§he most
obvious feature of the femtosecond dynamics of CHT€the
solvent dependence ab in the pump-probe studies, which
might be due to an ultrafast charge transfer during the [1,7]-
shift. If this is the case, one ansatz is that the migrating chlorine
atom carries a considerable amount of negative charge, which
is also supported by ab initio calculations. Note that the
calculations of CHT show no charge of the migrating H atom
which correlates with the fact that its dynamics exhibit no
solvent dependencd.To explain the different time constants
Figure 6. (a) Transient anisotropy of CHTEIn cyclohexane. The for 72 under the assumption_of a charged chlorine atom, various
circles are the originally recorded traces, while the gray curve is the influences have to be considered.
deconvolution of the response and the black curve is a biexponential  One important aspect is the dipole moment of various solvent
fit of the deconvolution. The deconvolution procedure was carried out molecules as given in Table 2, since it couples directly to the
by the method described in ref 84. In the inset, the response is Showng 4 atom. In nonpolar solvents such as cyclohexane or
on a longer time scale. Here, the gray curve is a biexponential fit. The o S
pump wavelength was 263 nm, the probe wavelength 395 nm. (b) Samen-he>§ane_, th(_e r_egcﬂon is fastest, while in polar solvents, the
as in part a, but in isopropanol as solvent. reaction is significantly slowed down. One would therefore

expect that a higher dipole moment leads to a slower reaction.
This is true for TCE, which shows the greatest effective dipole
moment (see section A.2 for a discussion on the structure and
dipole moment of pure TCE) and the largest time constant
However, the magnitude of the dipole moment is not the only
determining factor since the dynamics of CHT in chloroform
and isopropanol occur on a comparable time scale while their
dipole moments are clearly different (see Table 2). The reason
for this behavior might be the activation entropy of the barrier
has been founéf but considerably faster than the free rotational in the S-state which is supposed to be smaller for chloroform
reorientation time of CHTGl(see Table 3) and the Cl-migration than for isopropanol/TCE since chloroform is the smallest
process. Additionally, the anisotropy does not exhibit the typical molecules in this series. From this one might argue that the
Gaussian behavior at early times supporting the fact that solvation shell contains a larger number of molecules that
molecular rotation is not the reason for this fast decay. Hippler influences the transition state geometry and the spectral response
et al. suggested the anisotropy decay to be limited by the function; the latter is a measure of the solvent reorientation time

o

o
%}

anisotropy r(t)

=
=

0.0+

———— ———
250 750

this anglg8CHTCk = 17°, a minimum value of the mixing angle
of 12° is obtained, which is close to the results for parallel dipole
moments! Note that this angle depends on the orientation of
all three transition dipole moments, so only a lower limit can
be given here.
It should be noted that the first time constaiwfor CHTClg

is comparable ta; derived from the transient anisotropy of
CHT (and CHTd), where a time constant of 150 fs (180 fs)

pseudorotation of the hydrogen (deuterium) aé8rfihis limit
is still valid in the case of CHTGJ but the anisotropy decays
much faster than the corresponding chlorine shift. A possible

after excitation of a solute and is known to be much faster for
chlorofornf® leading to a deceleration of the reaction rate
compared to isopropanol. Thus, the entropy effect may com-
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pensate the lower dipole moment leading to equal time constants, 200 250 300 350
7o, for the chlorine shift in CHTGIin chloroform and isopro- ] g __m  w  w
panol. 1 |
From these findings, one can conclude that the mechanism
for the [1,7]-Cl migration is governed by an intramolecular
charge transfer in the excited state. Therefore, it seems instruc-
tive to compare this reaction mechanism with an intramolecular
proton transfer in the excited state (ESIPT), which represents
an important class of reaction involving charged migrating
particles. One of the fundamentals to explain ESIPT-dynamics
is Marcus’ theory”-68 The proton transfer occurs between the
first excited states of the normal and the tautomeric form of a
molecule®® 70 The barrier height between these two states is

determined by the solvent induced barri&vG). This height _ _ _
is given byAG* = (1/4)(1 + AG/1)2 where Figure 7. UV-absorption spectra of CHTEIin cyclohexane. The
different spectra were taken after irradiation with a Hg/Xe arc lamp.
_ oo The irradiation times were 0, 1, 2, 3, 4, 5, 10, 20, 50, 100, 200, 500,
(uy — 4q1) and 1000 s. Arrows indicate the shift with increasing time. The inset
A= T F(eo,n) (7) highlights the isosbestic point around 237 nm.

Extinction

200 250 300 350
Al nm

intersection, i.e., at the second conical intersection in agreement

is the reorganization energy of the solvent which can be obtainedwith the mechanism proposed for CH32%.2"However, in the
by the Onsager cavity mod€ Here z; are the dipole moments  case of CHT(Q it shows a pronounced solvent dependence.
of the normal (N) and the tautomeric (T) formjs the radius Unfortunately, the chlorine migration is not clearly resolvable
of the molecule (which is supposed to be spherical) &g n) by anisotropy experiments, since vibrational motions upon
is the static response function of the solvent. The values for excitation result in an anisotropy decay which is faster than the
the different solvents are given in Table 2. Using this ansatz, migration process, leaving only small positive anisotropy values
one would expect the dynamics of CHEQb be slowest in after delay times exceeding 0.3 ps. Therefore, the decay of this
isopropanol (which is not the case). The main difference betweenresiduary anisotropyr§) may be explained by a superposition
ESIPT and the CHTGImechanism is that in CHTgl the of the chlorine shift and by reorientation of CHECAs the
“tautomeric” form is not in the excited state, since the migration rotational correlation times (see Table 3) are on the same time
takes place at the TA2A' intersection, i.e., between the excited scale as the migration.
and ground state and not exclusively in the excited state. 3.6. Continuous Irradiation Experiments. In order to study
Moreover, the barrier in the first excited state (P&f CHTClg competition reactions of CHTglafter photoexcitation and to
is not of Marcus’ type. Altogether, the [1,7]-Cl migration is a obtain a more profound understanding of the potential energy
process where the photochemically induced shift of a charged surface involving photochemically allowed transitions, continu-
atom cannot be described by the ESIPT-mechanism. ous irradiation measurements were performed in various sol-

In recent years, several sigmatropic hydrogen migrations havevents. After certain time intervals, spectra between 200 and 350
been studied, but besides the [1,7]-H-migration of CHT, all of nm were recorded. In Figure 7, a typical irradiation measurement
them were [1,3]-shifts’273either on dienes such as cyclopen- of CHTClg in cyclohexane is shown. Initially, the steady-state
tadiené or systems with a single double-bound such as spectrum is obtained (see Figure 2) while at longer irradiation
cyclohexen& or bicyclo[2,1,1]hepten& The [1,3]-shift in times the spectral evolution of the system is observed. With
cyclopentadiene is similar to the [1,7]-shift observed in CHT the decrease of the characteristic peak at 270 nm a new
because in both cases two conical intersections and a competingibsorption band, peaking at 214 nm, arises. Moreover, an
electrocyclization are involved (see section 3.Berhalogena-  isosbestic point can be seen at 237 nm for irradiation times t
tion of this species should give similar results as presented in 20 s (see inset of Figure 7). The same irradiation measurements
this paper. The same is true for cyclohexene while the hydrogenhave been performed in isopropanol, TCE, and chloroform. In
migration in bicyclo[2,1,1]heptene is always followed by a Figure 8, the temporal evolution at the absorption maximum of
C-migation and therefore another product. Migration of charged CHTCIg at 270 nm (268 nm for isopropanol and 271 nm for
groups have been studied in a photo-Fries rearrangefhent. TCE) is shown. Note that the time constants of these measure-
However, the reaction proceeds much slowet ps) than the ments (solid lines are biexponential fits to guide the eye) have
[1,7]-H shift of CHT, and no solvent dependent measurements no physical meaning, since the photon flux is not exactly known.
have been performed. Therefore, the branching ratio between the [1,7]-migration and

In conclusion, this work reveals the first ultrafast study of a the [4,5]-electrocyclization cannot be determined absolutely
chlorine migratiorf® It predicts the migration to depend on the from these experiments. Relatively, the decay in cyclohexane
dipole moment of the solvent and entropic influences (which is three times faster than in chloroform or isopropanol and eight
depend on the reorientation times). The mechanism is clearlytimes faster than in TCE. At longer times, the optical density
different from proton-transfer reactions. The analysis allows for (OD) increases for all solvents which is most pronounced for
a localization of the migrating step. Since the first time constant TCE. For comparison, a measurement of CHT in cyclohexane
(tfHTC'8 = 140 fs) in the pumpprobe studies is solvent atthe absorption maximum at 261 nm has been added to Figure
independent, there is neither a charge separation nor can the8. The dynamics are a factor 100 slower than for CHT@lhen
solvent interact with the charged complex on this time scale. considering the CHTGlspectra (measured at> 200 nm for
Also, the anisotropy significantly decays on a comparable time isopropanol and cyclohexang,> 230 nm for chloroform and
scale indicating the importance of vibrational motions in the 1 > 235 nm for TCE) one finds isosbestic points for cyclo-
excited-state before the transition state for the [1,7]-Cl migration hexane and chloroform at 237 nm while in isopropanol, this
is reached. The chlorine shift then takes place at the-2A’ point is blueshifted by 9 nm at 228 nm and not as pronounced
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Figure 8. Normalized optical density (OD) of CHTgin cyclohexane N j> 9925@ cl g
(circles), chloroform (lower triangles), isopropanol (upper triangles) T 3544 : -
and 2,2,2-trichlorethanol (squares) at the absorption maximum of Hi cl cl
CHTClg at 270 nm (268 nm for isopropanol) after irradiation with a /@\ c
Hg/Xe arc lamp. A biexponential fit is added to guide the eye. The 5179 3 N To0% 12.8
rhombs are measurements of CHT in cyclohexane at the absorption Hhe : o o o cl
maximum at 261 nm. i .91 7 CI: f C.C" \ o
—— R Cl
Cl Cl Cl
as in the former solvents. In TCE, the isosbestic point is red- e ¢ o o & e g
shifted by 2 nmto 239 nm and s, as in isopropanol, not very sharp. c o
The isosbestic point indicates the formation of a new chemical c o
species. To characterize this prodd#t NMR spectra in CDGI c

were recorded. The main peaks could be assigned to GHTCI Figure 9. Potential energy diagram of CHT and CHECand
(0 = 84.3, 129.2, 134.1, 134.5 ppm) and octachloro bicyclo- pho_toproducts as received _by DFT (BSL'YP/TZVP) g:alc_:ulations. The
[3.2.0]-hepta-2,6-diene (BHDgIS = 78.7, 81.8, 89.0, 132.2, excited states are added using the experimental excitation en&rfies.
133.5, 134.2, 137.5 ppm, see ref 76 for comparison). Additional ) o
peaks (around 20) betweén= 137—129 ppm andd = 78—89 energy surface (Figure 1_0). After photogxmtatlon, the molecule
ppm were also observed, but with at least 10 times weaker reaches the 2Astate via a conical intersection, where a
intensities compared to the main bands. These weak peaks wer§°Mpetition reaction between the [1,7]-chlorine shift and the
assigned to polymer structures, since the formation of white formation of BHDC} takes place. Note that the formation of
needles could be detected after sufficient long irradiation time BHDCls may also proceed from the energetically hot ground
(several hours). Two further small peaksdat 94.8 ppm and state, t?ut this seems unlikely for_ the following reason: After
o = 95.0 ppm indicate the presence of perchlorotoluene. irradiation of CHTC4, the formation process of BHDEIs
Additionally to the NMR experiments, the absorption spectra fastest in the nonp.olar.solvent cyclohexane. If the reaction would
after 50 or 100 s can be compared to the spectrum of BgDCI ta!<e placg in the vibrationally hot ground state, one would expect
in ref 77, which shows a maximum at the same wavelength asth!s _react|on to bg the fastest w_hen heating the sample. Clearly,
the species formed in the continuous irradiation experiments this iS not case, since the reaction does not occur at 333 K. The
(214 nm; extinction coefficient = 10* L mol~! cm™1). This rgactlon in polqr solvents gt higher tempe(qtures may proceed
suggests the competition reaction to be intramolecular, e.g., a¥/& an alternative mechanism as competition to a thermally
photochemically allowed [4,5]-electrocyclization, which can also &llowed [1,5]-migration. This migration should be favored in
be found in CHT3! When heating the samples at 333 K, no polar solvents as the migrating .chlorlne atom is charged (see
change of the optical absorption spectrum could be detected inTa@ble 4). The branching ratio is determined by the solvent
cyclohexane within 2 days, while in polar solvents, BHPGI _depend_ent barrier helghztdf[m a”dA_EBH_D- Furthermore, itis
formed quantitatively. instructive to consider the energetic differences bgtween the
DFT calculations of the ground state energies of the possible CHT ano_l its photoproducts compared to the perchlorinated case.
photoproducts of CHT and CHTEAre summarized in Figure As chlg)rlne atoms are supposed to .Iower the energy of double
9 and a sketch of the geometry-optimized ground state structure?0Nds® (see also Figure 9), the differences in CHF@re
of BHD and BHDC} is shown in Figures 4 and 5, respectively. smaller. Finally, the solvent dependenc_e of _the BI—HJ@_rIma-
One recognizes that the energetic differences between varioud!on can bg explained by the barrier hglght in the e>.<C|ted state,
chlorinated species are smaller than for the perhydrogenated/hich obviously favors this competition reaction in unpolar
variant. Moreover, it turns out that the perchlorinated bicyclo SCIVeNts.
product, BHDCY4, is energetically more stable than CHEGh
contrast to the CHT system. This explains the product-forming
process upon heating of CHTgh polar solvents. Obviously, In conclusion, the results can be interpreted as follows: After
there exists a nonradiative reaction mechanism which is excitation with an ultrashort laser pulse at 263 nm to th¢ 1A
promoted by the polarity of the solvent leading to the thermo- state, CHT({ relaxes back to the ground state via two conical
dynamically more stable product (i.e., BHQTIIn the solvent intersections (2A-1A", 1A'—2A"). At the 1A—2A" intersec-
cyclohexane, such a reaction path does not exist since GHTCI tion, a photochemically allowed [1,7]-chlorine migration takes
does not react. place. The mechanism is similar to the [1,7]-hydrogen migration
The results from femtosecond experiments, continuous ir- in CHT. However, during the migration step the chlorine atom
radiation experiments of CHTEIn different solvents, and ab s partly negatively charged, which leads to a solvent-dependent
initio calculations can be summarized as a sketch of the potentialrelaxation time constant during the TA2A' intersection. In

4, Conclusion and Outlook
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A. Appendix
— BHD PP

A.l. IR Data of CHTCIg, The IR spectrum of CHTGlis
shown in Figure 1 and the calculated vibrational frequencies
using DFT calculation (B3-LYP/TZVP) are given in Table 1.
Note that these frequencies are listed as received, i.e., without
correction factor. For comparison, the experimental data are also
inserted. The difference between experiment and theory does
not exceed 5%.

A.2. Notes on the Dipole Moment of 2,2,2-Trichloroethanol
(TCE). In this appendix, the dipole moment of TCE shall be
briefly discussed, since its value is known to be 2.64 &nd
therefore less than the value given in Table 2. However, there
are two possible isomersjs- and trans TCE, where the cis
isomer is energetically more stablAK = 11.5 kJ/mol using
DFT (B3-LYP/TZVP)). The corresponding dipole moments
have been determined to 1.43 D for the cis and 3.10 D for the
trans isomer. Experiments to determine the dipole moment have

* ; 5 . been performed in benzene as solvent where a considerable
Cls Cls amount of TCE is supposed to be in the thermodynamically
more favorable cis isomé&f.In pure TCE however, the trans

_ _ isomer should be preferred as shown for ethanol and 2,2,2-
Figure 10. Sketch of the potential energy surface of CHg,@dopted trifluoroethanoP! leading to a larger effective dipole moment.
and modified from refs 26 and 28. After photoexcitation, the molecule \15reover a value of 3.4 D is given for the solid ph&aghich

reaches the 1A state and relaxes to the 2Atate via a conical . .
intersection. In the 2Astate, the potential barrier&Ey 1 andAEswp, is close to the calculated value of 3.10 D for the trans-isomer.

for the [1,7]-chlorine shift and the formation of BHD determine the HOwever, one should be aware of the fact that the calculations
branching ratio. In the case of the [1,7]-shift, the reaction reaches the represent values for isolated molecules in the gas phase, whereas
ground state via a second conical intersection. Note that the 2D-plot is the condensed phase may lead to substantial shifts.
an oversiplification. In fact, conical intersections are supposed to be
3N -8 dimens_ional seams; thgref_ore, _the ca]culated energy for the References and Notes
[1,7]-transition is not necessarily identical with the energy of the
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