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By using picosecond transient absorption and fluorescence lifetime measurement techniques, we have
investigated intramolecular charge separation and charge recombination processes of aminophenyl(phenyl)-
acetylene and\N,N-dimethylaminophenyl(phenyl)acetylene in various polar solvents. Significant quenching

of the intramolecular charge separated state was observed in protic solvents and both the triplet and fluorescence
yields were much lower than those in aprotic polar solvents. Such enhancement of the charge recombination
was explained by the increase of the radiationless transition probability to the ground electronic state caused
by the structural deformation around the amino nitrogen atom. Interaction between the amino nitrogen atom
and the oxygen atom of the solvent molecule, which is the hydrogen-bond donor terminal of the network,
should play an important role.

Introduction such as rhodaminesnd coumarirfshave been reported. The
) rate constants of the internal conversion from thes@te of

A conjugated donoracceptor moleculep-cyanop’-meth- 7 gminocoumarin derivatives increase strongly upon the alkyl-
ylthiodiphenylacetylene (MTCN-DPA), was reported to emit ation of the amino groups. Strong fluorescence quenching of
fluorescence in various polar solvents from an intramolecular ¢, diethylamino derivative observed in water was explained
charge separated (CS) stétdn the previous papérwe have by the solute-solvent hydrogen bond. Although the mechanism
investigated intramolecular charge separationpeN,N-di- ' ot established yet, the above-mentioned enhancement of the
methylamino)p'-cyanodiphenylacetylene (DACN-DPA) in vari- - charge recombination of DACN-DPA in alcoholic solvéhts
ous polar solvent_s. In polar solvents the CS state, which showsghauid be an appearance of such a specific solvent effect.
transient absorption bands around 400 and-60ID nm, was In this paper, by using picosecond transient absorption spectral
observed. Assuming the cavity radius of 6.4 A, we estimated yeasyrement techniques, we have investigated the intramolecu-
that the dipole moment of the CS state is about 31 D larger |5, charge-transfer process of aminophenyl(phenyl)acetylene

than that.in thg .gI'OUﬂd electronic.state of DACN.-DPA. In (AM-DPA) and N,N-dimethylaminophenyl(phenyl)acetylene
alcohols, in addition to the observation of the solvation process (DA-DPA). Although these molecules have only an electron

of the CS state revealed as a dynamic blue shift of the transientgonating group, in various polar solvents intramolecular charge
absorption band of the CS state in a few tens of picosecond geparation was observed and absorption spectra of the CS state
time scale, we found a shortening of the lifetime of the CS state. \ygre quite similar to those of DACN-DPA, which has both the
The triplet yl'elds were found lto be much smaller in alcohols gjactron donating and electron accepting groups. Moreover, a
compared with those in aprotic polar solvents. significant shortening of the CS state lifetime in protic solvents

It is known that the specific interaction between solute and was observed. We proposed that a specific interaction between
protic solvent molecules, which cannot be rationalized from the the amino group and the solvent oligomer is responsible for

macroscopic properties of solvent such as dielectric constantthe enhancement of the charge recombination.

and viscosity, plays an important role in electron-transfer  To avoid confusion about our notation of the excited singlet
processes of the solute. Fluorescence quenching of tetramethylstates of AM-DPA and DA-DPA, we will define them here.
p-phenylenediamine (TMPD) in wafeand the dynamic be-  Two locally excited singlet states are observed in nonpolar
havior of the ion pair state of TMPD in alcohdissan be  solvents. One is the lowest excited singlet statd @®which
examples of the specific solutsolvent interaction. Photo-  the lifetime is a few hundreds of picosecond, and another is
physical properties and their solvent effects of dye molecules the short-lived $state, which is located slightly above the S
state. The former is nonfluorescent, while the latter is fluores-
* Corresponding author. E-mail: hirata@chem.es.osaka-u.ac.jp. cent’8 Although the CS state is the lowest excited singlet state
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in polar solvents, we use; $or the locally excited state which T T T

has the same character as the lowest excited singlet state in T eeter]
nonpolar solvents. In polar solvents, both the locally excited 0 e IR e

S, and CS states emit fluorescence. - 1-propanol

Experimental Section

Intensity

Picosecond transient absorption spectra were measured by
using a dye laser photolysis system pumped by the second
harmonic of a mode-locked NttYAG laser (Quantel, Pico-
chrome YG-503C/PTL-10). The details of this system were
described elsewhefe The sample was excited with the second
harmonics of a rhodamine-6G (295 nm) or rhodamine-640 (313
nm) laser and a transient absorption spectrum between 380 and
980 nm was measured by using a picosecond white light
generated in a pO/D,O mixture. Typically the signal was Figure 1. Absorption and quoresc_en_ce spectra of AM-DPA in
averaged over 30 shots. To correct the transient absorption™€xane, diethyl ether, THF, acetonitrile, and 1-propanol.
spectrum for the dispersion of the probe light, we measured — e — e
the optical Kerr effect of CGland determined the wavelength- o4 ops] one] ops] %
dependent arrival times of the picosecond white light at the 2: f.ﬁ:: Zj\% zj_ d
sample cell. j\/\__:;

Fluorescence lifetimes were measured by using a streakg |
camera (Hamamatsu C2830 temporal disperser with H2547 fast™ o
scan unit). The fluorescence was excited with the second el o S
harmonics of the dye laser (295 nm) and was collected at right 400 600 80) 1000 400 600 800 1000 400 600 800 400 600 300
angles. After passing through a color glass filter and a Wavelength / nm
monochromator, the fluorescence was temporally dispersed byFigure 2. Picosecond time-resolved absorption spectra of AM-DPA
a streak camera and the signals of typically 16 shots were in (2) n-hexane, (b) THF, (c) acetonitrile, and (d) 1-propanol. Baselines
accumulated on a CCD chip. The two-dimensional data were (_the signal Wlthout the excitation) are also given in the bottom (_)f the
averaged over 30100 cycles of measurement on the controller Egﬁ:g' Delay times after the laser pulse excitation are shown in the
of the streak camera and were transferred to the microcomputer gure.

for further data analysis. :
. . resolution of the apparatus-60 ps) was observed. On the other
ThSyntheS|s of AM'I?PHA‘ and D’IA"DPlA was given Elsewhéj'e. hand, the fluorescence lifetimes measured at longer wavelengths
e concentration of the sample solutions was aboutD were about 0.50, 0.91, and 1.3 ns in diethyl ether, THF, and

I\_/Ir.HFSpecttrr?gratlllent-k?exalnt;, diethyl leihgr’t tnt\eérafzjydrotf#ran acetonitrile, respectively. In 1-propanol the fluorescence band
(THF), methanol, ethanol, 2-propanol, 1-butad)N-dimeth- maximum was similar to that in diethyl ether but no shoulder

yIfo_rmar_nide (DMF.)’ and acetonitrile were used without further in the longer wavelength region was observed. The fluorescence
purlflcathfn. dlBZ-fDlnlgthorﬁ.etpl?nte and ﬁ-fropanqL(GlF:%AGrad de) yield was smaller than that in aprotic polar solvents and the
\’/\lvere ,ﬁ]url'f'e y .:jac IBR/?F ISt a:jo'nt'zlilnd orr(;1am| de( d) and - f,0rescence lifetime was shorter than our time resolution. In
-methylformamide ( )wer;)e IStifled under reduced pres- nonpolar solvents, the fluorescence state of AM-DPA is neither
Sure. M_ethanoD-d (99.5 atom % D) was used without further the CS state nor the;State, but it was known to be the second
purification. All the samples prepared in quartz cells of 1-cm excited singlet state 657 The S—So transition is dipole

optical path I'eng.t'h were deaergted by flushing an Ar er N forbidden, therefore the first absorption band around 300 nm is
stream. No significant degradation of the sample was observedOlue to the $state

in all solvents used for the transient absorption measurements. These results indicate that the fluorescence band in the longer

Trle measurements were carried out at room temperature (23 wavelength region (shoulder in diethyl ether and THF and the
1°0). peak in acetonitrile) can be ascribed to the CS state, which was
reported for MTCN-DPA and DACN-DPZA in polar solvents.
Taking into account the results of the transient absorption spectra

Absorption and Fluorescence Spectra. Figure 1 shows discussed in the following subsection, we can safely assign the
absorption and fluorescence spectra of AM-DPA in various short-lived fluorescence observed at the shorter wavelengths to
solvents. In nonpolar solvents suchrabexane, the fluores-  the S state of AM-DPA. A similar behavior was observed for
cence spectrum of AM-DPA had maxima at 327 and 338 nm, DA-DPA.
while the absorption spectrum had a maximum at 300 nm and Transient Absorption Spectra. Picosecond time-resolved
shoulders around 3820 nm. In polar solvents AM-DPA  absorption spectra of AM-DPA and DA-DPA in various solvents
showed a broad fluorescence with a large solvatochromic shift. are shown in Figures 2 and 3, respectively. Immediately after
A shoulder was observed in diethyl ether and THF around420 the laser pulse excitation, thg S S, absorption appears around
460 nm and in acetonitrile a band maximum appeared at 480510 nm inn-hexane (Figure 2a) and the spectrum was rapidly
nm. Although the solvent effects of the absorption spectrum replaced by the S S; band of which the peaks appear at 480
were not so significant as those of the fluorescence spectrum,and 760 nm. The lifetime of the,State of AM-DPA is reported
the first absorption band in polar solvents showed a slight to be about 8 ps at room temperat@reAt the longer delay
broadening, a solvent dependent small red shift, and an increaseimes, the T, — T, absorption band was observed around 460
of absorbance in the red tail region. nm. The §<— S; and T, — T3 absorption bands of DA-DPA

At wavelengths shorter than 400 nm, a short-lived fluores- in n-hexane are reported to be observed at 830 and 530 nm,
cence of which the lifetime was shorter than the effective time respectively (Figure 3&).
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Figure 3. Picosecond tlme-resoIV(_ad_ absorption spectra of DA-DPA A P Py P L35 vy yP v
in (a) n-hexane, (b) THF, (c) acetonitrile, and (d) 1-propanol. Baselines -1 n-1
(the signal without the excitation) are also given in the bottom of the 2es+1 201
?gure. Delay times after the laser pulse excitation are shown in the Figure 4. Plots of the band maximum of the CS state band of AM-
lgure. DPA and DA-DPA in the red region against the polarity parameter of

In THE and itrile | diatelv after th o f solvents. The numbering for the solvents is the same as that in Table
n and acetonitrile immediately after the excitation of 1. 1 “acetonitrile; 2, propionitrile; 3, acetone;butyronitrile; 5, THF;

AM-DPA, the transient absorption spectra peaked at 480 (Figure s, 1,2-dimethoxyethane; 7, diethyl ether; 9, methanol; 10, ethanol; 11,
2b) and 460 nm (Figure 2c) were observed. Although the peak 1-propanol; 12, 2-propanol; 13, 1-butanol; 14, DMF; 15, NMF; 16,
position was slightly shorter than that of the S S, band in FA.

n-hexane, these short-lived bands (20 and 7 ps in THF and
acetonitrile, respectively) can be ascribed to thestgte. The

S, band disappeared with increasing delay time and was replaced
by the bands peaked at 660 and 640 nm in THF and acetonitrile,
respectively. The lifetimes of the red bands were estimated to o4 . 1 04 ]
be about 0.9 and 1.3 ns in THF and acetonitrile, respectively,
which show good agreement with the fluorescence lifetimes
measured at longer than 480 nm. Therefore the transient
absorption band in the red region should be ascribed to the CS £ b, 640 1 ' Y ' 4. 640 am ]
state of AM-DPA. The band observed between a few tens and  os;° 8
hundreds of picosecond region and peaked at 400 nm or shorter 0.4-.
should be due to the CS state, too. In THF and acetonitrile, .

T T T
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the § band was hardly observed. o e e 0} .

The long-lived absorption band observed around 500 nm can obs . . 1 opd . ]
be assigned to the,F— T, transition of AM-DPA. Assuming 0 z 4 6 0 100 200
that the extinction coefficient of the,F— T; absorption at the Delay time / ns Delay time / ps

peak wavelength is solvent independent, we can estimate theFigure 5. Time dependence of the transient absorbance of AM-DPA
triplet yield in acetonitrile to be about 30% of that in THF. The in THF. The monitoring wavelengths are indicated in the figure, and
triplet yield seemed to decrease with increasing solvent dielectric WO time scales are given.

constant of aprotic polar solvents. A quite similar behavior was

observed for DM-DPA; however, the bands of the CS state and polar parameter, which was widely known for the Mataga
the triplet state were observed around 6700 and 550 nm, Lippert plots of many systermid. On the contrary, a larger blue
respectively. The spectrum of the CS state resembled that ofshift than expected from the polar parameter was observed in
DACN-DPA in polar solvents? NMF (15) and FA (16).

In 1-propanol (Figure 2d) immediately after the excitation,a  Time Dependence of the Transient Absorbance Figure
transient absorption band appeared around 490 nm. From the5 shows the time dependence of the transient absorbance of
similarity of the peak position and the band shape to those of AM-DPA in THF. The decay curve measured at 640 nm
the S, <— S, absorption band observedrirhexane, we can safely  (Figure 5b) can be analyzed as a biexponential function. The
assign the 490-nm band to thgS S; transition of AM-DPA. longer lived component, which should be due tg, Was
The 490-nm band was rapidly replaced by the red bands (660essentially constant between 3 and 6 ns, while the lifetime of
and 790 nm for AM-DPA 720 and 830 nm for DA-DPA). From the short-lived component (about 0.9 ns) agreed with the rise
the similarity of the peak position, the 660 and 720 nm bands time of the long-lived component measured at 490 nm. In the
should be due to the CS state, while the 790 and 830 nm bandsshort delay time region, at 490 nm the instrumentally limited
are ascribed to the,S— S, transition. These bands were short- rise was followed by a rapid decay of about 15 ps. At 640 nm
lived, and at the delay time longer than 200 ps, only a quite a rise time of about 13 ps was observed. On the basis of the
weak and broad transient absorption was observed. The long-picosecond transient absorption spectra, the rapid decay observed
lived band seemed to be a superposition of the CS state and T at 490 nm should be due to the decay ef Bhile the rise at
bands. 640 nm was ascribed to the formation of the CS state. The

In the previous papeérwe find that the band maximum of  triplet state was formed via the charge recombination. The
the CS state of DACN-DPA in the red region shows a dynamic decay time of the CS state measured around 640 nm (700 nm
blue shift in alcoholic solvents and is a good indicator of the for DA-DPA) in the various solvents are listed in Table 1.
local polarity of the solution. As shown in Figure 4, the band In less polar solvents such as diethyl ether, the<SS$;
maximum of the CS state of AM-DPA and DA-DPA also absorption was observed at shorter than several hundred
showed a similar relation. In aprotic polar solvents-8), the picosecond delay times. The decay time of thet8te appeared
solvent dependence appeared to be on a different straight lineto be the same as that of the CS state. The results imply that
from that in alcohols (912). The polarity of the environment  the charge recombination to form the State cannot be
in alcohols seemed to be lower than was expected from thenegligible. Such decay channel should be closed in the highly
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TABLE 1: Fluorescence Lifetimes of the CS State and Decay Times of the Transient Absorbance Monitored in the Red Region
for AM-DPA and DA-DPA in Various Polar Solvents

AM-DPA DA-DPA
solvent Ti/ns 74 (CS)/ns Ti/ns 74 (CS)/ns
1 acetonitrile 1.41 1.301 1.76 1.8+ 0.1
2 propionitrile 151 1.5:0.3 1.92 2.3:0.3
4 n-butyronitrile 1.6 1.4-0.2 2.5 2404
5 THF 1.02 0.94 0.07 1.48 1.4+ 0.06
7 diethyl ether 0.50 0.4% 0.05 0.72 0.69+ 0.06
8 p-dioxane 0.66 0.630.07 1.03 1.6:0.1
9 methanol <0.06 1.6x 1072 <0.06 1.7x 1072
methanol©-d <0.06 1.5x 1072 <0.06 1.7x 10°?
10 ethanol <0.06 2.3x 1072 <0.06 2.7x 1072
11 1-propanol <0.06 (2.9+0.3)x 102 <0.06 (3.2+0.3) x 102
12 2-propanol ~0.08 (8.0 0.4) x 1072 ~0.08 (8.2 0.5) x 1072
13 1-butanol <0.06 (4.7£0.3) x 102 <0.06 (5.2+ 0.3) x 102
14 DMF 1.3 1.3:0.2 2.1 2.2+0.3
15 NMF ~0.07 (5.8+£0.5) x 1072 ~0.08 (8.4£0.7)x 1072
16 FA ~0.07 (5.8 0.6) x 1072 ~0.08 (7.8+ 0.6) x 102
polar solvents such as acetonitrile and THF because of a IargeCHART 1
stabilization of the CS state. The microscopic environment in R ®
alcohol is not so polar as was expected from the static dielectric \O
constant, since the back electron transfer to thest8te was [ R
observed in 1-propanol. The similar result was obtained from Hol ©
the solvent dependent shift of the transient absorption spectrum Q—CECQ— NG, 1
of the CS state as we touched upon. Detailed explanation of \H
. . S H R
the S — S; internal conversion and the contribution of the S ~o”
state to the intramolecular charge separation and charge )
recombination of AM-DPA and DA-DPA as well as their H
temperature dependence will be given elsewheére.
Enhancement of the Charge Recombination in Protic Interaction a in Chart 1 should not be important because the

Solvents. In protic solvents, deactivation of the CS state was hancement of the charge recombination to a similar degree
much faster than that in aprotic polar solvents. The decay timesWas observed for DA-DPA. Since the nitrogen atom in the
of the transient absorbance of AM-DPA iin protic solvents ,ming group of the solute is positively charged in the CS state,
monitored at 650 nm where the contribution of the CS state jyteraction b cannot be operative. On the contrary, the interac-
was predomlnant.are listed in Table 1.. In metha'nol, the shortest;;y petween the positively charged nitrogen and the electron
lifetime was obtained and the deuterium effect in the hydroxyl ich gxygen atom of the solvent molecule (interaction c) should
group was hardly observed. In normal alcohols, the lifetime 3y a5 important role. The interaction may cause the deforma-
seemed to increase with increasing molecular size of the solvention of the amino group, which takes a pyramidal structure. Such
while in 2-propanol, an almost 2 times slower decay compared 5 geformation should result in the large Fran€ondon factor
with 1-propanol was observed. The lifetimes obtained in FA henyveen the CS and ground states. This can be a mechanism
and NMF were similar to that in 1-butanol, while in DMF the ¢ the rapid charge recombination in protic solvents. Although
CS state was quite long-lived. Since the triplet yield was low ppE and ethers can interact with the amino group in the similar
in the protic solvents, the deactivation of the CS state should manner, no shortening of the CS state lifetime was observed.
result in the formation of the (Sstate. These results clearly The effect of the hydrogen bond on the OH stretching mode
show that the enhancement of the charge recombination is noty 55 established through infrared absorption measurerfeftie.
due to the effect of the solvent polarity but should be due to a gy stretching of non-hydrogen-bonded ethanol in C@pears
specific solute-solvent interaction in protic solvents. At the 4t 3630 cml, while the OH groups at internal positions of
present stage of the investigation, because detailed informatio”hydrogen-bonded oligomers give a broad band around 3330
about the microscopic solvensolute interaction is not available,  cm-1 and the hydrogen-bonded donor end group of the open-
we cannot draw a definite picture to explain the experimental ¢pain oligomers absorbs at3500 cntl1® The integrated
results. extinction coefficient of the internal and the hydrogen-bond
One of the most plausible candidates of the specific selute  donor terminal OH groups are 12 and 3.5 times as large as that
solvent interaction in protic solvents may be hydrogen bonding. of the monomet! Both the frequency and the extinction
The small deuterium effect of methanol suggests that the coefficient of the hydrogen-bond acceptor OH group is rather
interaction between the OH hydrogen atom with the solute similar to those of the monomer. From these facts, we may
molecule is not responsible for the observed quenching of the expect that the interaction with the hydrogen-bond donor
CS state. Thus the hydrogen bonding interaction with the terminal group of the networking solvent molecules is stronger
anionic part of the CS state may be eliminated. In the case of than that with monomers. Such interaction should play an
fluorescence quenching of anthraquinone derivatives in alcohol, important role in the charge recombination of the CS state.
where the radiationless deactivation of tArough hydrogen Monte Carlo simulation of alcohols at 298 K showed that
bonds was believed to be the mechanism, large deuteriumthe majority of molecules were in internal positions of the
isotope effects of the solvent on the nonradiative decay rate hydrogen-bond network, but still significant percentage (19 and
were observed! 12% for methanol and 2-propanol, respectively) of molecules
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were at the chain end§. The longer lifetime in 2-propanol  observed in protic solvents. We proposed the interaction
may be due to the steric hindrance. Although in 2-propanol a between the amino nitrogen of the solute molecule and the
similar hydrogen-bond network to that in normal alcohols should hydrogen-bond donor terminal OH group of solvent oligomers
be presentetf the distance between-ND, where the interaction  as a quenching mechanism.

to accelerate the charge recombination was expected to be oper-
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