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The fluorescence of four semiflexibly bridged dondwridge—acceptor systems was studied with a streak
camera system. The information-rich streak data make a detailed analysis possible of both the kinetics and
the spectral changes that take place. From the analysis, it follows that all compounds studied undergo a
photoinduced harpooning process in which long-range electron transfer creates an extended charge-transfer
(ECT) species, which converts to a compact charge-transfer (CCT) species due to Coulombic attraction. Both
the ECT and CCT species display CT fluorescence. The harpooning process occurs even in solvents of medium
polarity (e.g., diethyl ether), whereas it has previously been assumed for related compounds that this process
only occurs in the gas phase and in nonpolar alkane solvents.

1. Introduction CHART 1

Recently, we have reported the synthesis of the new n.c”HQr@—N O m@- O
., . O
o o

“harpooning” system&—3 (Chart 1) As in compound4, which

we studied earliet exciplex-like compact charge-transfer (CCT)
species with the bridging piperidine ring in a (twist) boat
conformation are formed in these compounds from extended
charge-transfer (ECT) species in which the donor and acceptor . | O

are well separated in space. The formation of the ECT species * Q—
involves a charge-transfer process in which the molecule is still 3 N 4 N
in an extended conformation similar to the ground-state

structure, with the piperidine ring in the preferred chair SCHEME 1. Schematic Representation of the
conformation. Crucial for the observation of this harpooning Harpooning Mechanism

process (Scheme 1) is the fact that the ECT state and the CCT 1

n-CraHag 0-n-Cy4Hze

state both show radiative decay. The compouhdgl have D’m\‘ A ECT

. X . . . K A CCT
virtually identical energies of their locally excited states, and — +D’m\'
also the energies of their CT excited states are very similar. \

They differ only in the presence or absence of long alkyl chains,
which makes them ideally suited for probing hydrodynamic
(viscosity) effects on the harpooning process.

The compounds were studied previously by a combination
of steady-state and time-resolved fluorescence, supplemented ——
by time-resolved microwave conductivity measurements D%\A
(TRMC).! In these studies, the conversion of the ECT into the
CCT species could only be detected conv?ncingly in the nonpolar dependence of the steady-state fluorescence maxima also
alkane solvents. In the more polar dialkyl ether solvents, noyided some indication that the harpooning process might still
biexponential fluorescence decay pointed to the presence of two;ye place in relatively polar solvents such as diethyl ether.
species as well but extensive spectral overlap prevented a full yo\yever, such an analysis is rather tricky if the fluorescence
analysis by the methods used. The analysis of the solventy,yima are derived from steady-state spectra, which show a
superposition of the ECT and CCT emission bands.

*Authortgwhom correspondence should be addressed. Fax: 3120525 \pje now present the results of a multivavelength time-
562%5\;;22#&, gfe f\%;’{gg;‘ﬂ_“'“"a'”" resolved fluorescence study performed with a streak camera

*Vrije Universiteit Amsterdam. system. The streak images obtained were analyzed by the
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method of spectrotemporal parametrization of fluorescence Note that with the skewness parameter- O the exponent in

(section 2). The compounds investigated are the above-eq 2 reduces to a Gaussian. The shape described by the model

mentioned systembk—3, as well agt (Chart 1), the first donor function (2) is indistinguishable from the spectral shape

acceptor system in which the harpooning mechanism was provenpredicted for CT-type emission bantiBelow, we will consider

to occur2 We will show that the combination of the information-  simple two-compartment models: (1) a parallel model which

rich streak images with analysis by spectrotemporal parametri-is appropriate for two independently decaying components,

zation of the fluorescence data is ideally suited to study the leading to decay associated spectra (DAS) or (2) a sequential

conformational dynamics of the harpooning systems and enablesmodel for two interconverting species as occurs in the harpoon-

us to study the fluorescence kinetics in greater detail even ating mechanism, giving species associated spectra (SAS).

room temperature, at which the processes are relatively fast.  The quality of the fit, as indicated by the residuals and root-

mean-square error (rmse), depends only on the number of

2. Spectrotemporal Parametrization of Fluorescence compartments and not on the type of model. Also, the estimated
Several cases have been studied in our laboratory in which 'até constants are identical with a parallel or sequential model.

the dynamics of fluorescence could be employed to monitor However, the DAS and SAS of the first component are different,

conformational changes (in particular upon harpooning) in Which allows the appropriate model to be chosen.

semirigidly bridged donoracceptor systenis® This was ) )

mainly done by applying kinetic models and spectral models 3- Results and Discussion

to sets of nanosecond time-resolved fluorescence data obtained 3 1 Analysis of the Harpooning SystemsFor the four

using a time-gated optical multichannel analyzer, which provides gonor-acceptor systems, streak images were measured in nine
high spectral resolutioh.The disadvantage of this method is  go|yents. It is important to stress that in none of the solvents do
the Iqw time resolqunz which could be overcome by comple.- any of the four systems display significant local donor or
menting these data with fluorescence decays measured W'thacceptor fluorescence, as is obvious from the absence of
higher time resolution at a small number (typically 12) of f,0rescence bands below 360 Arfthus, in all cases, photo-
wavelengths. Furthermore, for some compounds, the influence gy citation must be followed by very fast intramolecular charge

of temperature and solvent viscosity on the folding process from separation and solvent relaxatiion a time scalex 10! s-1)
an ECT to a CCT species in nonpolar alkane solvents was ych faster than that of the harpooning process.

studied®

. . . We will describe in detail the results of the spectrotemporal
We will now briefly describe the method of spectrotemporal P P

o detailed d o h der i parametrization method fdr(the “old” harpooning system) and
pafram(ejtrlzatlon. Forkl? more é:tm € escn;}ztl(_)n, the rela gr IS1 (the harpooning system with a tetradecyl chain attached to
referred to van Stokkum et &f. By means of time-resolved )y, qonor and acceptor) in two solventsats-decalin and

spectroscopy, the kinetics of a mixture of components WhOSe yieih | ether). The results of the other compounds and solvents
spectra overlap can be measured indirectly by observing theyi he presented more briefly. In the alkane solvents, two time

t_otal spectrum as a fun_ction of time._ _The perfect, n_oise_-free, windows were chosen in order to accurately determine the
time-resolved spectrutl is a superposition of the contributions  :tatime of both the ECT and CCT species

Of the Neomp different components. In all nonpolar solvents, the matrix of streak data gives rise

to two pairs of singular vectors and two singular values
_ significantly different from noise (not shown). This implies that
(. 4) = Z G(f)a ) @) two spectrally and temporally different components are present,
- as expected. In Figure 1, we present decay tractarns-decalin
for 4 and1 at wavelengths close to the expected maxima of the
ECT (Figure 1A,B) and CCT species (Figure 1C,D). The decays
shown in parts A and B of Figure 1 are fast and monoexpo-
nential. Clearly, the decay time of the ECT speciegt@R.0

Ncomp

whereci(t) ande (1) denote, respectively, the concentration and
emission spectrum of compondntMeasurement off poses
the inverse problem, how can the spectroscopic and kinetic
roperties of the components be recovered? The first task to be ™ .
Ber?ormed is to deterrFr)ﬂne the number of components from the ”.S) is much shorter than that. bi(9.4 .ns).. In parts C and D of
data by singular value decomposition (SVD). The next step is Figure 1, we obs_erve a fast rise (solid line) followed _by a slow
to estimate the kinetic parameters using a compartmental fodel decay_ (dotted line). The de_cay (DAS) a_md Species (.SAS)
(i.e., a model with differential equations that are linear in the assomated spectra df and 1 in transdecalin are shown in
concentrations, like first-order chemical reactions) and estimate Figure 2. ) ) ) )
the parameters that describe the spectra. The results of the 1€ data could well be fitted with the sequential model in
parameter estimation consist of a kinetic model with estimated Which the slow-decaying redmost component (dotted line, 70
rate constants as well as the (shapes of the) emission spectra dfS for 4 and 36 ns forl) is formed from the fast-decaying
the components. component. This is illustrated by the negative amplitudes of
The shape of a charge-transfer fluorescence emission spect€ first DAS (full line) at wavelengths greater than 420 nm
trum is often well described by a Gaussian in the energy domain for 4 (2.0 ns, Figure 2A) and greater than 440 nm¥¢®.4 ns,
fW)3 = fmax€XpEIN2[200 — vmad/AV]?), wherey = A1 Figure 2B) fo_r the fast-de_cayllng component. This is |nll|ne with
denotes the wavenumber affd) is the converted fluorescence (1€ harpooning mechanism in which the blue emission of the
emission spectruni(v) = 2¢(1).” The Franck-Condon wave- first SAS (full line in Figure 2C,D) stems f_rom a prlmarlly
number of maximum emission is denoted by, whereas\y formed extended charge-transfer (ECT) species that_ls con\_/e_rted
is the full width at half-maximum. Even better fits are achieved Nt @ folded or compact charge-transfer (CCT) species emitting
when an extra skewness parameter is introddcedus, we  atlonger wavelength. From the SAS, we can determineihe
arrive at the model function (by applying a fit of the spectral shape to eq 2) of the two
species, which amount to 256 1% and 21.5x 10% cm~1 for
4 (Figure 2C) and 24.% 10° and 20.2x 10°* cm* for 1 (Figure

() = v exp(In 2[In(L + 2b(v — v, )IAV)b]?) (2) 2D).
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Figure 1. Results from global analysis of (normalized) kineticglifA and C) andl (B and D) intrans-decalin at representative wavelengths (see

labels at the vertical axes). Insets show residuals of a fit with two monoexponential decays. The contributions of the decays to the fit are depicted
by different line styles. 2.0 ns (solid in A and C); 70 ns (dotted in A and C); 9.4 ns (solid in B and D); 36 ns (dotted in B and D). The sum of the
contributions is represented by a solid line through the measured points. The time baseZ@oto +20 ns (relative to the maximum of the
instrument response) is linear, and from 20 to 200 ns it is logarithmic.

™ A ™ T B Upon analysis of the streak images in the ether solvents, we
’ = indeed find two pairs of singular vectors and two singular values
significantly different from noise, as in the alkane solvents.
Again, the two compartment model can perfectly fit the data.
TR @ £o0 b s e a  m1 sw o o In the DAS (Figure 4A, B), the spectrum belonging to the
moderately fast decaying species (full line) shows negative
amplitudes, as it is the precursor of the slow-decaying species.
In Figure 4C,D, we present the SAS #and1 in diethyl ether.
We observe two largely overlapping spectra with virtually
identicalvmax (19.8 x 10% and 19.7x 10° cm* for 4 and 19.1
x 10° and 18.8x 10® cm™ for 1). A model with a single
Fgure . ocayan spcisssociad specrtand )t £OTINCTL Vel insaalacton et s can be ol
(B and D) intrans-decalin. Vertical lines indicate plus or minus standard
error in amplitude: 2.0 ns (solid in A and C); 70 ns (dotted in A and 7% (4) and 14% Q).
C); 9.4 ns (solid in B and D); 36 ns (dotted in B and D). Note thatthe ~ The fact that the difference between the Fran€ondon
sect_)nd SAS plotted here is in fact the product of the quantum yield of \5vima of the ECT and CCT species in diethyl ether is very
folding and the true SAS of the CCT state. small is not in line with the potential energy scheme that is
usually drawn for the harpooning mechanism to explain the
observed dual emission bands in nonpolar alkane solvents. In
this scheme (Figure 5, left-hand diagram), the emission maxi-
mum of the CCT species is red-shifted compared to that of the
ECT species because of two factors. First, the CCT species is
assumed to be lower in energy because there exists a significant

DAS
DAS

C

SAS

o- - ) e e T - 1
350 400 QSW 550 600 400 450 500 S50 600
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4 and 1 show similar behavior in the other alkane solvents,
as do2 and3. As we go from the alkane solvents to the more
polar solvent dir-pentyl ether, we observe a red shift of both
the ECT and CCT emission spectra, as expected for charge-
separated states. The red shift of the emission of the ECT
species, however, is larger as it becomes relatively more

stabilized due to the larger dipole moment compared to that of electrostatic driving force for the folding process to occur in
the CCT species. As a result, the overlap of the speciesthese nonpolar_solvents. Second, .the' nonrelaxed Fran'ck
; w(_:ondon ground state of the CCT species is assumed to be higher

For 4, the kinetics of fluorescence have previously not been ' €NErgy compared to that of the ECT species because the

studied in great detail in solvents more polar than the saturated0rMer Species retums to the ground state in the (twist) boat

hydrocarbons. Because for structurally related compounds noconformation, which is energetically unfavorable. The energy
folding was observetlin solvents other than alkanes, it was difference between the chair and (twist) boat conformation in

assumed that fo# as well the CCT species is only formed in the ground state is estimated to be ca. 5.5 kcal foi analogy

the saturated hydrocarbon solvehfEhe analysis of the streak  t0 the energy difference for the chair and (twist) boat conforma-
images presented here clearly proves that this assumption idion of cyclohexané!

invalid. Decay traces given in Figure 3 show that even in  The left-hand diagram in Figure 5, however, does not take
solvents as polar as diethyl ether a rise is observed on the low-into account the difference in solvent reorganization energies
energy side of the emission band with a time constant of 5.9 nsbetween the ECT and CCT species, which gains importance
for 4 and 8.8 ns forl, followed by a slow decay (27 ns far upon increasing the solvent polarity. In contrast to the internal
and 25 ns forl). reorganization energy, the solvent reorganization energy of the
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Figure 3. Results from global analysis of (normalized) kineticgtifA) and 1 (B) in diethyl ether at representative wavelengths (see labels at the
vertical axes). Insets show residuals of a fit with two monoexponential decays. The contributions of the decays to the fit are depicted by different
line styles: 5.9 ns (solid in A); 27 ns (dotted in A); 8.8 ns (solid in B); 25 ns (dotted in B). The sum of the contributions is represented by a solid
line through the measured points. The time base frel0 to +10 ns (relative to the maximum of the instrument response) is linear, and from 10

to 100 ns it is logarithmic.

N A =] e B TABLE 1: Estimated ECT and CCT Lifetimes (ns) for 1—4
e o . in Various Solvents
[9p]
= 1 2 3 4
T : . . y solvent Tect Tcct Tect Tcer Tect Tcer Tect  TeeT
R n-hexane 12 242 14 2441 352 <1 407
7 cyclohexane 31 270 18 271 13 442 0.6 407
trans-decalin 94 362 41 341 39 593 20 700
& di-n-pentyl ether 10.8 24.1 85 21.6 84 358 6.7 359
@ ' benzene 79 339 63 299 6.1 425 54 391
o ’ S diisopropyl ether 59 175 6.6 170 75 209 5.2 128
400 £0 S0 550 600 50 500 550 600 diethyl ether 88 252 70 240 75 259 59 266
Wavelength (nm) Wavelength (nm) ethyl acetate 939 6.12 21.4 25.1
tetrahydrofuran 163 11.7 33.2 33.7

Figure 4. Decay and species associated spectr @ and C) andlL
(B and D) in diethyl ether. Vertical lines indicate plus or minus standard aMinor short-lived component observed as well.

error in amplitude: 5.9 ns (solid in A and C); 27 ns (dotted in A and

C); 8.8 ns (solid in B and D); 25 ns (dotted in B and D). Note that the TABLE 2: Decay Rates (18 s™1) of the ECT Species of +4
second SAS plotted here is in fact the product of the quantum yield of in Solvents in which Harpooning Is Observed

folding and the true SAS of the CCT state.

solvent n(CP) & 1 2 3 4
n-hexane 031 189 0.83 0.69>1 >1
cyclohexane 098 202 032 057 0.76 1.59
CT state trans-decalin 213 217 011 024 026 0.50
diethyl ether 023 434 011 0.14 0.13 0.17
diisopropyl ether 0.33 3.98 0.17 0.15 0.13 0.19
benzene 0.65 228 0.13 0.16 0.16 0.19

energy

di-n-pentyl ether  1.08 2.77 0.093 0.12 0.087 0.15

fveey ground state hvecy "ot aViscosity  and dielectric constards are included for reference.
ence between the ECT and CCT species is expected to become
A, A, less upon increasing the solvent polarity, because of the
0 RV@\? “Q§ diminishing influence of the Coulomb attraction. Taking the
. O: - e et Egﬁ, factors described above into account, we can sketch the potential
. . : . energy scheme as given in the right-hand diagram of Figure 5.
Figure 5. Potential energy schemes for the harpooning process in . . ) .
nonpolar alkane (left) and medium polar ether solvents (right). A Considering this potential energy scheme, an equilibrium
schematic drawing of the nonrelaxed Frarcondon ground states  situation between the ECT and CCT species might be more
of the extended and folded species is also shown. appropriate to describe the kinetics and spectral changes,
especially in more polar solvents. A compartmental model with
ECT species is expected to be significantly larger than that of an equilibrium between the ECT and CCT species requires an
the CCT species. Using the experimentally derived slopes of extra rate constant that cannot be estimated from the data. To
the Lippert-Mataga plots (vide infra), the solvent reorganization see which effect this equilibrium would have on the SAS, we
energy in dlethyl ether of the ECT and CCT SpeCieS can be fixed the ratekCCTﬁECT to a trial value of 0.015< 10° s 1 for
calculated according to eq'3. 4 in diethyl ether. This also resulted in satisfactory SAS, only
1 ) slightly different from those in Figure 4C. Thus, an equilibrium
€ n-— 1)

_ cannot be excluded a priori based on SAS. For simplicity, we
2¢,+1 on?241 restrict ourselves here to the sequential model. In ethyl acetate
and tetrahydrofuran, the single component model yields satisfac-

Using this formula, the solvent reorganization energy of the ECT tory results. Presumably, in these solvents the harpooning

o=t ©)
3

S
P

species is calculated to be cax210® cm1 (~5.7 kcal mot?) process does not occur (fdr and 2, a minor short-lived
larger than that of the CCT species. This roughly compensatescomponent is observed as well, with an identically shaped DAS).
the estimated energy difference of 5.5 kcal mddetween the The analysis, presented above fband1 in trans-decalin

two nonrelaxed ground states! Furthermore, the energy differ- and diethyl ether, was performed for all compounds in nine
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TABLE 3: Franck —Condon Emission Maxima ¢/max 10®* cm™1) of the ECT and CCT Species of 14 in Various Solvents

1 2 3 4
solvent Af2 ECT CCT ECT CCT ECT CCT ECT CCT
n-hexane 0.092 24.7 20.6 23.9 20.5 25.1 21.0 25.8 21.9
cyclohexane 0.100 24.5 20.3 23.9 20.4 24.7 20.9 25.2 21.8
trans-decalin 0.110 24.2 20.2 23.6 20.3 24.4 20.6 25.6 21.5
di-n-pentyl 0.171 21.8 20.2 20.9 19.4 20.8 19.7 21.4 20.5

ether
benzene 0.1%6 20.3 18.9 20.1 18.9 20.2 19.0 20.9 19.9
diisopropy! 0.237 19.6 18.9 19.4 18.9 19.4 19.1 20.0 19.8
ether
diethyl 0.251 19.1 18.8 19.0 18.8 19.0 18.9 19.8 19.7
ether
ethyl acetate 0.292 16.8 16.7 16.6 17.3
tetrahydrofuran 0.308 16.9 16.8 16.7 17.4

2 See equation @ Benzene is known to behave as more polar than expected basedAdrvikie (ref 10).

solvents. The lifetimes obtained for the ECT and CCT (in case 26+ A 2, B
of alkane and ether solvents) species are given in Table 1. o4l 24

Clear trends in the ECT lifetimes can be observed in those ¢ r
solvents in which harpooning occurs. Except fomiinexane o 22 (.g 224
and diisopropyl ether, the ECT lifetimes bfare significantly Z 0] o T L)
longer than those of the other systems. The similarities in the & g
CCT lifetimes of1 and2 on one side an@ and4 on the other > 18 > 18]
are striking. Bothl and 2 incorporate the same naphthalene 6 d . g
ester acceptor chromophore, wher8asd4 possess the same o1 02 03 o 02 03
cyanonaphthalene acceptor chromophore. This indicates that the ” Af Af
CCT lifetimes are largely determined by the acceptor chro- ) C 2 D
mophore incorporated. _~ 24 _ 24/

The decay rates of the ECT species in those solvents in which 'g K
harpooning occurs are given in Table 2, together with the « %] @ 22 o
viscosities and permittivities of the solvents used. T o0 - T 5]

The decay rate of the ECT species approximates the rate of E E
folding when the latter is much larger than the sum of the other 181 > 18
radiative and nonradiative decay rates of the ECT species (eq  gl__ , . 18l . i
4). 0.1 0.2 0.3 0.1 0.2 0.3

Af Af
KECT — kaCT+ kdECT+ Ko ) Figure 6. Lippert—Mataga plots forl (A), 2 (B), 3 (C), and4 (D);

ECT maxima are indicated by squares, CCT maxima by circles.

The term KECT + kEST) in eq 4 represents the inverse lifetime known Lippert-Mataga analysi&} in which the solvent de-

of the extended charge-transfer state in the absence of the foldin endence Of. the charge-transfer emission wavenu |.tbers
process. In the alkane solvents, a decrease of the ECT decay’ orrelated with the.solveinlt polarity parameteraccording to
rate can be observed upon increasing the solvent viscosity. TheegSS’ k\:\?s erejczi(r?)D(gnbcg is) ,lf]eth dei %T;S;L?rgg%ﬁ#gncw;rhi-
effect of viscosity is most pronounced far which has long tgranspfer s?;gh is Plan{:k’s constaﬁ'c is the velocity of li htg
alkyl tails attached to both the donor and acceptor chromophore.” ~. A is th ' ffecti di f th | y gnt, d
The compounds with only one alkyl tak, and3, show decay p (in A) is the e ective radius of the solvent cavity occupie
rates between those tfand4. For the other solvents, no clear ggl\t/heitrg?é?g;fé igﬁsft::’n?z]:r?j?sd igyr(;?r:étilCeV\{zlc;:f; is the
trends are apparent. The reason is probably 2-fold. First, the ) 5 ’
assumption that the rate of folding can be approximated by the _ 2ucr _ UcT

inverse of the ECT lifetime is probably not correct in these ver=ver (0) — h 3Af = vcr(0) — 10070 3 Af (5)
solvents as the ECT decay time is significantly longer in these @ p

solvents. Second, whereas the solvent dielectric permittivity in (e.— 1) (nz —1)
the alkane solvents is nearly constant (2.00%), in the ether Af=—2 - (6)
solvents, it varies from 2.77 (di-pentyl ether) to 4.34 (diethyl (2¢,+1)  (an”+2)

ether). We have shown before that the photoinduced harpooning In Figure 6, we have plotted the Frane€ondon maxima
process is strongly influenced by variations in the solvent of both species versusf. As can be seen, the ECT and CCT
permittivity.:3 data can be satisfactorily fitted by straight lines. Only the ECT

The method of spectrotemporal parametrization also yields values of3 and4 in di-n-pentyl ether (squares in Figure 6C,D
the (shapes of the) emission spectra of the species as showmt Af = 0.171) deviate significantly. The slopes of the Lippert
above. This enables us to investigate solvatochromic shifts asMataga plots for the ECT and CCT species are given in Table
a function of the solvent polarity. In Table 3, we present the 4. The intercepts of both the ECT and CCT plotslef3 are
Franck-Condon maxima (in crmt, as derived from a fit of the ~ nearly identical, indicating that the energies of the CT states
band shape to eq 2; for more details, see the Supportingare very similar in the three compounds. The higher intercepts
Information, Tables StS4) of the ECT and CCT (when for 4 are caused by the fact that the aniline electron donor is
formed) species in the solvents investigated. Knowing the somewhat weaker than the 4-alkyl aniline donor incorporated
maxima of both ECT and CCT species we can apply the well- in 1-3.
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TABLE 4: Experimental Parameters (10° cm™?) for 1—4

Lauteslager et al.

B

Obtained from Lippert —Mataga Analysis é X
compd  22/hcp® ECT  vcr(0) ECT  242/hcp® CCT  wer(0) CCT P ;
[om
1 375+1.2 283+03 10.3+17 21.5+0.3 @ 7 .
2 342+ 15 27.2+0.3 10.9+ 0.6 215+0.1 W0 ©0 S0 S0 600 Tl £0 s 5o sho
3 39.3+2.2 28.5+ 0.5 12.8+ 0.9 22.1+ 0.1 Wavelength (nm) Wavelength (nm)
4 40.0+ 2.6 29.4+ 0.5 142+ 0.8 23.1+0.1

TABLE 5: Radiative (k#CT) and Nonradiative Decay Rates
(Including Folding, k¢=CT + kioiq) (10° s71) of the ECT
Species in Solvents in which Harpooning Occurs

Figure 7. Species associated spectra (SAS) of methylcyclohexane

at 258 K (left) and 218 K (right). Note that the second SAS plotted
here is in fact the product of the quantum yield of folding and the true
SAS of the CCT state.

1 2 3 4 . . o
Table 5, the radiative rate constant increases as the emission
ECT+ ECT+ ECT+ ECT+ T bl 3 h h b | . d b
solvent KECT kolg KT kiola  KECT kioa  KECT kol _energy goes. .Up (Table 3), which can be eXp. aine y an
hexane 391 829 490 709 increased mixing of the charge-transfer state with the locally
cyclohexane 564 320 420 551 250 767 8.00 1658 .excllte.d state of the acgept’e‘ﬁ"ra phenomenon observed bgfqre
transdecalin ~ 1.80 105 3.00 241 in similar systemd® The increase of the sum of the nonradiative
di-n-pentyl ether 1.35 91 1.49 116 1.79 117 and folding rate constants at high energy of the Frar@@gndon
g?nzene lother 133 168 11-3331 115570 008 132 104 184  maxima is much more pronounced. In this context, it should
iisopropyl ether 1. . . ; ; ; ;
diethyl ether 058 113 093 142 082 133 be realized that the folding process is expected to be the major

TABLE 6: Product of the Quantum Yield of Folding and
the Radiative Rate Constant (10 s™1) for the CCT Species of
1-4 in Various Solvents

relaxation pathway for the ECT species, and in the alkane
solvents, a large driving force exists for this process. In Table
6, we give the product of the quantum yield of folding and the
radiative rate constants for the CCT species. If we assume that

1 2 3 4 the radiative rate constar°C" is independent of the solvent,
solvent Droigks Droiaks e Drogks we can ascribe the decrease ob_served for Fhe erﬂ)mm .
to a decrease of the quantum yield of folding upon increasing
n-hexane 1.87 2.59 1.68 th larity of th lvent. We should t h that
cyclohexane > 66 530 587 4.80 e polarity of the solvent. We should expect, however, tha
transdecalin 230 228 k“CT will tend to decrease with increasing solvent polarity.
di-n-pentyl ether 1.47 1.73 1.82 Unfortunately, the two effects cannot be separated.
g?nzene ot 196 11-2% o8 121 3.2. Temperature Dependence of the Folding Processor
iisopropyl ether . . . :
diethyl ether 059 0.98 0.92 1, the temperature dependence of the fluorescence was studied

TABLE 7: Franck —Condon Maxima (1¢ cm~1), Decay
Times (ns), and Contributions to the Total Quantum Yield
of the Different Components of 1 in Methylcyclohexane at
Various Temperatures

in methylcyclohexane. At each temperature, the spectrotemporal
parametrization method yields the contribution of both species
to the total quantum yield. Furthermore, we also obtain the decay
times of both species. In Figure 7, we show the SAS of the

ECT and CCT species at two temperatures. We can nicely

temperature (K) vecr  veer  Teet  Teer  Aect Accr observe the relative increase of the ECT emission upon cooling,
208 237 203 19 230 0.063 0.937 Wwhereas also the corresponding ECT decay time increases
278 23.8 203 33 235 0.090 0.910 considerably. Below 198 K, we observe two independently
258 238 203 62 243 0155 0.845  decaying components that possess almost identical emission
238 238 202 114 255 0475 0525 pang shapes but distinctively different decay times. All the
218 237 201 217 277 0533 0.467 ; . L
178 243 55 0511 Franck-Condon maxima, the decay times, and the contributions
23.9 19.1 0.489 to the total quantum yield of the different components at the
158 24.4 6.1 0.550 various temperatures are listed in Table 7.
24.0 21.0 0.450 When we estimate the Arrhenius activation barrier for the
138 222.'5 13‘3 8‘?72; folding process using the decay times of the ECT species, we

arrive at an activation barrier fdrof ca. 6.1 kcal mott, while

From the total fluorescence quantum yields (determined from Wegewij€ found a barrier of 3.6 kcal mot for 4. When using

the steady-state specfyaand the SAS (obtained from the

this approach, one must realize that by changing the temperature

analysis of the streak data), we can now calculate the fractional e 150 change both the dielectric constant and refractive index
quantum yields of the ECT species. For the CCT species, it iS of the solvent as well as its viscosity. A detailed analysis of the
possible to determine the product of the fluorescence quantuminqivigual contribution of these factors is not possible. Never-

yield and the quantum vyield of folding®otas = Pect +
Droia®ccr). Unfortunately, the quantum yields dfhave only
been determined in a very limited polarity rariggsing the

theless, the significantly larger estimated Arrhenius activation
barrier for 1 compared to that of4, shows that also the
temperature-dependent measurements indicate that the introduc-

fractional quantum yields (Supporting Information, Table S5) ion of the two alkyl tails effectively slows down the folding

and the corresponding decay times (Table 1), it is possible to

process.

calculate the radiative and nonradiative rate constants for the

ECT species. For the CCT species, it is possible to calculate
the product of the radiative rate constants and the quantum yield

of folding.

4. Concluding Remarks

S

We have presented the fluorescence at room temperature of

Because we have no absolute way to determine the quantuma set of harpooning compounds studied by the use of a streak

yield of folding in the various solvents, we restrict ourselves to camera system and analysis of the data by spectrotemporal
the study of the radiative and nonradiative rate constants of theparametrization. Thanks to the high information density and
ECT species. These are listed in Table 5. As is evident from parallel multiwavelength acquisition realized by means of the
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streak camera, which gives both time, intensity, and wavelength on the spectral window used), which effectively is a smoothing
information, and the application of two-compartmental models over ca. 78 nm. Thus, a data set of 512 33 points was

to analyze the data, both the spectral changes and the kineticsoutinely used in the further analysis.

could be studied in great detail. Previously, it had been assumed Commercially available spectrograde solvents were used.
that the harpooning process can only occur in the gas phase When the purity of the solvent was found to be insufficient,
(es = 1) or in saturated hydrocarbon solvends £ 2), but the the solvent was purified by standard procedudfesll alkyl
present work clearly demonstrates that in the four compoundsethers were distilled from Catbr LiAIH 4 prior to use. Ethyl
studied, harpooning occurs even in solvents with significantly acetate was washed with a saturated sodium carbonate solution
higher dielectric permittivity (and thus stronger charge shielding) and distilled from Call The samples were degassed by at least
such as diethyl ethee{= 4.34). The ECT lifetimes fo# are four freeze-pump-thaw cycles or by purging with argon for
significantly shorter than those of the other harpooning systems,15 min.

whereas those df are the largest of all four studied systems.
The monoalkyl compoundsand3 show intermediate behavior.
This indicates that the introduction of the long alkyl tails
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obtained the maxima of both the ECT and the CCT (in alkane the solvents used and Table S5 reporting quantum yield data
and ether SOIVentS) species In the nine solvents used, we COU|Q5 pages)_ Ordering information is given on any current
perform a much more accurate analysis than was possible inmpasthead page.
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