JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

External Electric Field Effects on State Energy and
Photoexcitation Dynamics of Diphenylpolyenes
Takakazu Nakabayashi, Md. Wahadoszamen, and Nobuhiro Ohta
J. Am. Chem. Soc., 2005, 127 (19), 7041-7052+ DOI: 10.1021/ja0401444 « Publication Date (Web): 21 April 2005
Downloaded from http://pubs.acs.org on March 25, 2009

hv / Reactant Product
e

Y e,
O~/ N

P Ee

Electric field (F)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Links to the 5 articles that cite this article, as of the time of this article download
Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0401444

A\C\S

ARTICLES

Published on Web 04/21/2005

External Electric Field Effects on State Energy and
Photoexcitation Dynamics of Diphenylpolyenes

Takakazu Nakabayashi,*"* Md. Wahadoszamen,* and Nobuhiro Ohta*'#

Contribution from the Research Institute for Electronic Science (RIES), Hokkaidetdity,
Sapporo, 060-0812, Japan, and Graduate School afifBnmental Earth Science,
Hokkaido Unversity, Sapporo, 060-0810, Japan

Received May 24, 2004; E-mail: takan@es.hokudai.ac.jp; nohta@es.hokudai.ac.jp

Abstract: External electric field effects on state energy and photoexcitation dynamics have been examined
for para-substituted and unsubstituted all-trans-diphenylpolyenes doped in a film, based on the steady-
state and picosecond time-resolved measurements of the field effects on absorption and fluorescence.
The substitution dependence of the electroabsorption spectra shows that the dipole moment of the
substituted stilbene in the Franck—Condon excited state becomes larger with increasing difference between
the Hammet constants of the substituents. Fluorescence quantum yields of 4-(dimethylamino)-4'-nitrostilbene
and 4-(dimethylamino)-4'-nitrodiphenylbutadiene are markedly reduced by an electric field, suggesting that
the rates of the intramolecular charge transfer (CT) from the fluorescent state to the nonradiative CT state
are accelerated by an external electric field. The magnitude of the field-induced decrease in fluorescence
lifetime has been evaluated. The isomerization of the unsubstituted all-trans-diphenylpolyenes to the cis
forms is shown to be a significant nonradiative pathway even in a film. Field-induced quenching of their
fluorescence as well as field-induced decrease in fluorescence lifetime suggests that the trans to cis
photoisomerization is enhanced by an electric field.

1. Introduction acceptor-substituted polyenes also show laser gain progérties
and serve as model systems for intramolecular charge transfer
(ICT).16

External electric field effects on optical spectra have been
extensively applied in molecular spectroscopy to examine the
electronic structures in excited states. The so-called electro-
absorption and electrofluorescence spectra (plots of the elec-
tric-field-induced change in absorption intensity and fluores-
cence intensity as a function of wavelength, respectively) are
extremely useful to understand the mechanism of molecular
dynamics following photoexcitatiol:'® These spectra are

The optical properties of polyenes have been the subject of
wide investigation over the past two decades. Polyene deriva-
tives such as carotenoid and retinoid series play crucial roles
in many biological photoactive systems including photosensory
and photoenergy transductioh®. The cis—trans photoisomer-
ization of olefins, which is one of the most fundamental
chemical reactions, has been studied as a model for barrier-
crossing reaction%: 1! Further, the radical ions and divalent ions
of polyenes are useful for an understanding of the structures
and dynamics of self-localized excitations in conducting poly- . . . .
mersi2 and polyenes with electron-donating and -accepting especially powerful for studying CT dynamics because of its

. N oo -
substituents are promising nonlinear photonic materials becaus&Igh ;en_sﬂmty toan eleptrlc fielé~2! Application of external_
of their high second- and third-order polarizabilitiééDonor— electric fields may also give a new way to control photochemical

reactions.

T Research Institute for Electronic Science. In the present paper, we report the electroabsorption and
l* ?(faduateYs_Cgolgl '\fjlf_EAn\c/]ifonmen;aloE_aGftlfrbSCi;ﬂCte- o prowhio, | SECtrOfluorescence spectramra-substituted and unsubstituted
@ 18%’2%%,’ 24’3_u b M Andersson, 1. ©., Bibro, Fhotochem. Fhotobiol all-trans-diphenylpolyenes in a poly(methyl methacrylate)
(2) Birge, R. R.Biochim. Biophys. Actd99Q 1016 293. (PMMA) film. The electronic structures in excited states and
(3) Khorana, H. GJ. Biol. Chem 1992 267, 1. . . K . .
(4) Spudich, E. N.; Zhang, W.; Alam, M.; Spudich, J. Rroc. Natl. Acad. the mechanisms of the ICT and photoisomerization dynamics

Sci. U.S.A1997 94, 4960. are discussed on the basis of the results obtained.t/&ins
(5) Luecke, H.Biochim. Biophys. Act200Q 1460 133.
(6) Courtney, S. H.; Fleming, G. R. Chem Phys.1985 83, 215.
(7) Allen, M. T.; Whitten, D. G.Chem Rev. 1989 89, 1691. (15) Kobayashi, T.; Terauchi, M.; Uchiki, Lhem. Phys. Letl.986 126, 143.
(8) Saltiel, J.; Sun, Y.-P. IiPhotochromism, Molecules and Systei8rr, (16) Rettig, W.; Majenz, W.; Lapouyade, R.; Haucke, &. Photochem.
H., Bouas-Laurent, H., Eds.; Elsevier: Amsterdam, 1990; ppl&4. Photobiol. A: Chem1992 62, 415.
(9) Waldeck, D. HChem Rev. 1991 91, 415. (17) Bublitz, G. U.; Boxer, S. GAnnu. Re. Phys. Chem1997, 48, 213.
(10) Ganer, H.; Kuhn, H. JAdv. Photochem1995 19, 1. (18) Ohta, N.Bull. Chem Soc. Jpn2002 75, 1637.
(11) Hamaguchi, H.; lwata, KBull. Chem. Soc. Jpr2002 75, 883. (19) Ohta, N.; Koizumi, M.; Umeuchi, S.; Nishimura, Y.; Yamazaki.IPhys.
(12) Furukawa, YJ. Phys. Chem1996 100, 15644. Chem 1996 100, 16466.
(13) Kanis, D. R.; Ratner, M. A.; Marks, T. Chem Rev. 1994 94, 195. (20) Ohta, N.; Umeuchi, S.; Nishimura, Y.; Yamazaki].Phys. ChenB 1998
(14) Beljonne, D.; Btdas, J.-L.; Cha, M.; Torruellas, W. E.; Stegeman, G. |.; 102 3784.
Hofstraat, J. W.; Horsthuis, W. H. G.; Mémann, G. RJ. Chem. Phys. (21) Wahadoszamen, Md.; Nakabayashi, T.; OhtaCNem. Phys. LetR004
1995 103 7834. 387, 124,
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Figure 1. Chemical structures of diphenylpolyenes treated in the present study.
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isomers of 4-nitrostilbene (NS), 4-dimethylaminostilbene (DS), of the E+(30) value above~36 kcal moi! to become almost
4-(nitro)-4-methoxystilbene(NMS),4-(dimethylamino)-dyano- null in acetonitrile Er(30) = 46.0 for acetonitrile). To account
stilbene (DCS), 4-(dimethylamino)-#itrostilbene (DNS), and  for such a strong decrease of the fluorescence yield in polar
all-trans-4-(dimethylamino)-4nitrodiphenylbutadiene (DNB)  solvents £0.53 in toluene and<0.002 in acetonitrile), a rapid
have been used as a series of substituted diphenylpolyenes. Wéansition from the lowest optically allowed excited state (locally
have also usedransstilbene (SB), alkrans-diphenylbuta- excited state, LE state) to a “nonradiative” intermediate state
diene (DPB), and alfrans-diphenylhexatriene (DPH) as a series has been suggested in polar solvents. From the preferential
of unsubstituted diphenylpolyenes. The chemical structures of generation in highly polar solvents, this intermediate state has
the diphenylpolyenes used in the present study are shown inbeen considered to be a CT state having a much larger dipole

Figure 1. moment than the LE state. This CT state relaxes nonradiatively
There have been a large number of studies on the pho-to the electronically ground (pstate. It has been proposed that

tophysical properties of donemacceptor-substituted stil-  the nonradiative CT species has a structure with the ¢dGup

beneg2-43 Among them, DNS, one of the doneacceptor- twisted from the plane of the benzene rit¥g? Several groups

substituted stilbenes, is expected to have a very high optical have measured transient vibrational spectra of DNS in polar
nonlinear susceptibility because of its large permanent di- solvents’®31.35The position of the N@ symmetric stretching
pole moments especially in excited singlet statdd. This band of the CT species was found to exhibit a marked
molecule also shows a characteristic solvent dependence independence on the solveéfitlt has been suggested that DNB,
photophysical behavior, which is ascribed to the formation of which has a conjugated hydrocarbon chain longer than DNS,
a CT state upon photoexcitatiéfr.3¢ If the empirical Dimroth also gives a nonradiative CT state in polar solvéh#sOn other
parameterEr(30) is used as a measure of solvent polafity, donor-acceptor-substituted stilbenes, characteristics of elec-
the quantum yields both of th#ans—cis photoisomeriza- tronically excited CT states have also been discudsed.

tion and of the intersystem crossing decrease with increasing The photochemistry of SB following UV excitation has been
Er(30) value (i.e., increasing solvent polarity). In solvents with  studied as a prototype ofs—trans photoisomerizatiofi-1* This

the Er(30) values larger than-36 kcal mof? (dioxane, for  photoisomerization is known to take place on the potential
example), the yields of these processes are nearly zero. On theenergy surface of the lowest excited singlef) (8ate and result
other hand, the fluorescence quantum yield increases as then the formation of thesisisomer with a quantum yield of about
Er(30) value increases in the region belev83—34 kcal mot® 0.5 in solutior>46 A great number of studies have been devoted
(toluene, for example) and drastically decreases with the increaseto clarify this process; however, the detailed mechanism of the
cis—trans photoisomerization has not yet been understood,

(22) Bent, D. V.; Schulte-Frohlinde, 0. Phys. Chem1974 78, 446.

(23) Ganer, H.; Schulte-Frohlinde, DBer. Bunsen-Ges. Phys. Chefr978 which may arise from the ambiguity of the geometrical and
82, 1102. electronic structures of SB around the conical intersection

(24) Kawski, A.; Ostrowska, B.; Ston, MZ. Naturforsch. A1981, 36, 999. . . .

(25) de Haas. M. P.; Warman, J. \¢hem. Phys1982, 73, 35. region. In the present paper, we discuss the electronic structures

(26) Ganer, H.J. Photochem. Photobiol. A: Cherh987 40, 325. of the unsubstituted diphenylpolyenes in the s&ate around

(27) Shin, D. M.; Whitten, D. GJ. Phys. Chem1988 92, 2945. . . . . . ., .

(28) Gruen, H.; Gmer, H.J. Phys. Chem1989 93, 7144. the conical intersection region using electric field modulation

(29) ZLgaPOXgade' R.; Kuhn, A.;'ttard, J.-F.; Rettig, WChem. Phys. Let1.993 spectroscopy. Investigation of electric field effects on photo-

(30) Nakabayashi, T.; Okamoto, H.; Tasumi, MRaman Spectrost995 26, isomerization is also important from a biological point of view,
841

(31) Okamoto, H.; Tasumi, MChem. Phys. Lettl996 256 502 since protein membranes surrounding chromophores produce

(32) Gurzadyan, G.; Gaer, H.Chem. Phys. LetR00Q 319, 164. strong electric fields in some casEs®
(33) g;{gﬂgeé%b?l’éé Bebelaar, D.; Buma, W. J.; Hofstraat, J.MPhys. We focus on electric field effects on the photoexcitation
(34) glr?ran,AAz-Ol\g.z: ?gét%ggﬂew, G. P.; Bazan, G. C;; Kelley, A. M.Phys. dynamics of DNS, DNB, and SB in the present paper. The
em . . . .
(35) OberleJ.; Jonusauskas, G.; Abraham, E.; Lapouyade, R.; Reyli&Bull. conte_nts d'Scusse_d ”? the present paper are f”‘S fOHO\N?' We f”’_St
Chem Soc. Jpn2002 75, 1041. examine the substitution dependence of the difference in electric

36) Farztdinov, V. M.; Ernsting, N. RChem. Phys2002 277, 257. .
§37§ Lin, C. T.; Guan, H. W.: I\/?cCoy, R.K.: Spgngb,y C. \lL.Phys. Chem dipole moment between the State and the FranekCondon

1989 93, 39. i i i
(38) Gomer. H.3. Photochem. Photobiol980 13, 269, excited (FC) state by analyzing the electroabsorption spectra

(39) Safarzadeh-Amiri, AChem. Phys. Lettl986 125 272.

(40) Lapouyade, R.; Czeschka, K.; Majenz, W.; Rettig, W.; Gilabert, E.; Rellie (45) Saltiel, J.J. Am. Chem. S0d.968 90, 6394.

C. J. Phys. Chem1992 96, 9643. (46) Saltiel, J.; Waller, A. S.; Sears, D. F., Jr. Am. Chem. Sod.993 115,
(41) Ilichev, Yu. V.; Kihnle, W.; Zachariasse, K. AChem. Phys1996 211, 2453,

441. (47) Ogrodnik, A.; Eberl, U.; Heckmann, R.; Kappl, M.; Feick, R.; Michel-
(42) Laard J.-F.; Lapouyade, R.; Rettig, lM.Am. Chem. So4993 115 2441. Beyerle, M. E.J. Phys. Chem1991, 95, 2036.
(43) Lewis, F. D Weigel, WJ. Phys ChemA 2000 104 8146. (48) Kochendoerfer, G. G.; Lin, S. W.; Sakmar, T. P.; Mathies, RTrends
(44) Reichardt, CAngew. Chem., Int. Ed. Endl979 18, 98. Biochem. Sci1999 24, 300.
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of the substituted diphenylpolyenes. Next, we observe the of rectangular waves of positive, zero, negative, and zero bias in turn.
electrofluorescence spectra of the substituted diphenylpolyenesThe time duration of each bias was 30 ms, but the first 3 ms was a
and the field-induced change in fluorescence decay profile for deadtime to exclude an overshooting effect of applied field just after

DNS and DNB. Electric field effects on the ICT dynamics are _the chang_e_ in applied voltgge. Four decays were collected, correspond-
discussed on the basis of the results obtained. Finally, we ing to positive, zero, negative, and zero sample bias. These decays were

. stored in each of the different memory segments of the multichannel
analyze the electroabsorption and electrofluorescence spectrg . ; -

fth bsti d dioh 1ol btain inf . pulse height analyzer. The instrumental response function had a pulse
of the unsubstituted diphenylpolyenes to obtain information on i of ~60 ps (fwhm).

the electronic structures of the intermediates in the photo-
isomerization. 3. Results and Discussion

3.A. External Electric Field Effects on Absorption of
Substituted DiphenylpolyenesA shift of energy level induced

DNB and DCS were synthesized and purified according to refs 27 by F is well known as the so-called Stark shift, and the
and 39, respectively. Commercially available DNS (Eastman Kodak magnitude of this effect is dependent on the electric dipole

Co.) was recrystallized twice from a benzershanol mixture. The moment f) and the molecular polarizabilityd of the system
other molecules employed in the present study were purchased fromconcemed When the magnitude pfor o in the excited
Tokyo Kasei Co. and recrystallized twice from ethanol or ethanol and electronic 'state is different from that in the, State, the

benzene. A certain amount of benzene solution of PMMA containing . . .

diphenylpolyenes was cast on an indititm-oxide (ITO) coated quartz absorptlon speF:tra as well as the grr.nssmn spectra arg shifted
substrate by a spin coating method. A semitransparent aluminum (Al) Since the magnitudes of the level shift in both states are different
film was deposited on the dried polymer film by a vacuum vapor from each other. For an isotropic and immobilized sample such

deposition technique. The ITO and Al films were used as electrodes. as a polymer film where chromophores are randomly distributed,
The thickness of the film was typically 0#m. The concentration of  the presence df will broaden an isolated transition due to the
the sample was in the range 0-885 mol % in its ratio to the monomer  change in electric dipole moment following optical absorption,
unit of PMMA. In thi; cpncgntration range, the shape and position of giving rise to the E-A spectrum, the shape of which is the second
the spectra and their field-induced changes were independent of theqerivative of the absorption spectrum. If the change in molecular
concentration within the experimental accuracy, indicating that the polarizability is significant, the shape of the E-A spectrum is
interaction between dye chromophores is negligible in the present y,o, it qerivative of the absorption spectrum. If the transition
experimental conditions. Most of the chromophores exist as the moment is affected bff, the shape of the E-A spectrum is the

monomer species in the present study. In other dye molecules such as

pyrene, it has also been known that the observed spectra arise from>aMe as that of the absorption spectrum.

the monomer species in the concentration region less than 1.0 ol %. N the present SFUdy' Sqlute dlphenyl_polyenes can be reggrded

All the measurements were performed at room temperature under@S randomly distributed in a PMMA film. On the assumption
vacuum conditions. Electric-field-induced changes in steady-state that the original isotropic distribution in a PMMA film is
absorption and fluorescence spectra were measured using electric fieldnaintained in the presence Bf the observed E-A spectrum
modulation spectroscopy with the same apparatus as described(AA(v)) may be given by the following equatidfil8
elsewheré? 2! A modulation in absorption intensity or fluorescence

2. Experimental Section

intensity was induced by a sinusoidal ac voltage with a modulation _ a ., , AWV} . d{AW)v}
frequency of 40 Hz. Field-induced change in absorption intensity or AA(v) = (fFF)|A'A(v) + By dv +Cv 2
fluorescence intensity was detected with a lock-in amplifier (Stanford 1)

Research Systems, SR830) at the second harmonic of the modulation

frequency. A dc component of the transmitted light intensity or the wheref is the internal field factor. The coefficiedt depends
emission intensity was simultaneously observed. Applied field strength on the change in transition dipole moment, &icandC' are
was evaluated from the applied voltage divided by the thickness. The given by the following forms:

field-induced change, measured as a root-mean-square voltage by the

lock-in amplifier, was multiplied by 2 to convert it to an equiva- A2 + (Aa,, — AB)(3 cos y — 1)/10

lent dc voltage. The electroabsorption and electrofluorescence spectra B' = hc

were obtained by plotting the change in absorption intensity and in

fluorescence intensity as a function of wavenumber, respectively. _ _

Hereafter, electroabsorption and electrofluorescence spectra are ab- C = (Alu)Z[S G C0§§ 12')23 CO§X D) 3)
breviated as E-A and E-F spectra, respectively, and applied electric 30h°c

field is denoted byF. here A dA he diff in el ic dipol
Measurements of the field-induced change in fluorescence decayW ereAu and Ao are the differences in electric dipole mo-

profile were carried out with a single-photon counting system combined MeNt and molecular polarizability, respectively, between the
with a homemade pulse generator supplying a bipolar square 4vave. 9round (g) and excited (e) states, i&y = pe — pg andAa
Output pulses from a mode-locked Ti:sapphire laser (Spectra Physics,= Oe — O4g:
Tsunami, repetition rate 80 MHz, pulse duration 80 fs) were doubled

and used as an excitation light source. The repetition rate was reduced

:?Oixﬁezggm «'sllepulzz g;léizég%nogﬂngir?;daer::;0-%;2)' ';g’tgrrisffr}?:r Aoy, denotes the diagonal component &f with respect to
pie w yam plate p UPYET e direction of the transition dipole momeptis the angle be-

(Hamamatsu, R3809U-52). The fluorescence signal was amplified,t the direction of and the electri t fth itati
discriminated, and then led to a time-to-amplitude converter system. ween (he direction oF an € electric vector ot the excitation

Fluorescence decays were obtained with a multichannel pulse heightight; and¢ is the angle between the direction &f and the

correction is used; = (e+2)/3 with the dielectric constamtof

(49) Tsushima, M.; Ushizaka, T.; Ohta, Rev. Sci. Instrum.2004 75, 479. the medium. Under the present experimental conditigrrs,

Au=|Apul; Ad=(1/3)Tr(Aa) 4)

J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005 7043
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Figure 3. Absorption spectrum, its first and second derivative spectra, and
E-A spectrum of NS at 0.15 mol % in a PMMA film (from top to bottom).
The simulated E-A spectrum is also shown in (d) by a dotted line. Applied
field strength was 0.4 MV cmi.

. AA (x10%)
T

T T I T T T T ' T
1.6 1.9 2.2 2.5 2.8 transition to the lowest optically allowed excited state. Equation
Wavenumber (x10* cm™) 1 indicates that the E-A spectrum can be simulated by a linear
Figure 2. Absorption spectrum, its first and second derivative spectra, and Comb'nat'or.' among the absorption spectrum and its first apd
E-A spectrum of DNS at 0.15 mol % in a PMMA film (from top to bottom). ~ Second derivative spectra. The component of the absorption

Applied field strength was 0.4 MV cri. spectrum is first estimated from the integration of the intensity
) 5 of the E-A spectrum across the whole spectrum region, since
90° ande of PMMA is 3.6°° From egs +-4, the values of\u the derivative components do not give a change in total intensity.

and Aa. can be obtained from the analyses of the derivative e residual derivative part is easily divided into the first and
parts of the E-A spectrum. Solvatochromism of fluorescence ggcond derivative spectra. As shown in Figure 2, the shape of
can also estimate the mggnltude of the dipole moments in e E-A spectrum of DNS is very similar to that of the second
fluorescent excited states; however, the analysis of the E-A geriyative of the absorption spectrum, indicating that the field-

spectrum has the advantages of estimating the magnitude 0fi,q,ced change in absorption intensity essentially comes from
the dipole moments in FC states and of eliminating microscopic he change in electric dipole moment following the absorption.
solute-solvent interactions, which interfere with the estimation the E-A spectra of DS, NMS, DCS, and DNB are also

of Au in solvatochromism measurements. _ _ essentially the same in shape as the second derivative of the
We have measured the E-A spectra of substituted diphen-apsorption spectrum, while not only the second derivative
ylpolyenes, to investigate the substitution dependence of thegpectrym but also a small contribution of the first derivative
magnitude oAx andAc between the FC state and theskate.  gpactrum is necessary to reproduce the E-A spectrum of NS
A_s examples of the E-A spectra of substituted diphenylpolyenes, (see Figure 3). The component of the absorption spectrum, i.e.,
Flgur;es 2 and 3 show the E-A spectra of DNS and NS at 0.15 ¢ coefficientd’ in eq 1, is negligibly small in all the observed
mol % in a PMMA film, respectively, together with the g A spectra, indicating that the transition dipole moment to the
absorption spectra and their first and second derivative spectra g est optically allowed excited state is hardly affectedrby
The magnitude of the field-induced change in absorption e magnitudes ohu between ther* FC state and the S
intensity is proportional to the square of applied field strength, ciaie in a PMMA film obtained by the analyses of the E-A
as expected from eq 1. In the present study, we fOCUS OUrgpectra are shown in Table 1, together with the differences
attention on the strong absorption, which is assigned tarttte between the Hammet constants of the substituestd.(The

. om SE
(50) Polymer HandboakBrandrup, J., Immergut, E. H., Eds.; John Wiley & angle ofé is assumed to be 9” the p_resent stud@ﬂ. E A
Sons: New York, 1975. spectra generally do not provide the sign of the chang&un

7044 J. AM. CHEM. SOC. = VOL. 127, NO. 19, 2005
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Table 1. Magnitude of Au between the Franck—Condon Excited q = 1.0
State and the Ground State of Substituted Diphenylpolyenes 0.0 _—r YA\
Doped in a PMMA Film — " 74 L
ﬂo -
donor acceptor Ao Au (D) 5_4-0_ DS | 05
NS H NO, —-0.78 45 <+ | (a)
DS N(Me) H -0.83 3.8 < L
NMS OMe NO —1.05 7.3 -8.0
DCS N(Me) CN —1.49 9.2 —T 71100
DNS N(Me) NO, -1.61 10.9 1.9 2.2 25 2.8
DNB N(Me), NO; —-1.61 11.6 4.0+ 3 - 1.0
o _ ~ 004 : ——_
however, the directions of the dipole moments of denor e _ ; g N
acceptor-substituted polyenes are considered to be the same in Z 404 D(g)s -05-
the § state and in therr* FC state. Since the dipole moments < ) L
of the substituted stilbenes used are less than 4“Bthe 8.0
magnitude of the dipole moment in ther* FC state can be 1'6 1'9 2'2 i 2‘5 0.0
regarded to be larger than in the Sate. As shown in Table 1, —— - —1.1.0
the magnitude oAy becomes larger with the increase|ab|. 0.0+ :
In the § state, the dipole moment of the substituted stilbene is < 60 1 ) I
known .to .increase in ke.eping With&0|.'24 Thus the present i 1 bNs | 0.5+
results indicate that the dipole moment in the* FC state also 21204 (© ¥
becomes larger with increasindol|. The large enhancement i r
of the dipole moment in therz* FC state suggests that the agoL—" & = _loo
charge separation between the electron donor and acceptor 1.3 1.6 1.9 22
moieties is enhanced by the excitation to the* FC state. 0.0 Ty SN o £
The dominance of the second derivative component in the _ . |
E-A spectrum makes it difficult to estimate the magnitude of ® 6.0
Aa. Only in the E-A spectrum of NS, the first derivative 2 { DNB 0.5
component could be evaluated precisely, since the valdgeof S-120- (d) ) |
of NS is not so large. The magnitude®é of NS is determined 1 i
to be~90 A3, by assuming that the molecular polarizability is -18.0 — T 17100
1.3 1.6 1.9 22

isotropic, i.e.,Aam = Ad.

As already mentioned, DNS and DNB are known to exhibit
the ICT process from the LE state to the nonradiative CT state
in polar solvents. The LE state may correspond tosthe FC
state. In the present study, the magnitudeAgf of DNS
following photoexcitation to ther* FC state in a PMMA film
is determined to be 10.9 D. The dipole moment of DNS in the
S state is reported to be #B.2 D2436 Thus, the dipole
moment of DNS in thetz* FC state can be estimated to be
18.1-19.1 D in a PMMA film. This fairly large dipole moment
in the z* FC state suggests that DNS has already exhibited
large CT character immediately after the photoexcitation. The

Wavenumber (x10* cm™)

Figure 4. E-F spectra (shaded trace) of DS (a), DCS (b), DNS (c), and
DNB (d) in a PMMA film, together with the fluorescence spectra
simultaneously observed (solid line). Excitation wavelength was 311.0 nm

for DS, 354.0 nm for DCS, 395.5 nm for DNS, and 408.0 nm for DPB.
Applied field strength was 0.5 MV cni for DS, 0.45 MV cn1? for DCS,

and 0.4 MV cn1?! for DNS and DNB. The concentration was 0.15 mol %
in all the spectra. The simulated E-F spectrum is also shown by a dotted
line in every case.

done at the wavelength where the field-induced change in
absorption intensity is negligibly small. The shape of the
fluorescence excitation spectrum is essentially the same as that

present experimental result is in good agreement with the recent_Of the absorption spectrum, indicating that the fluorescence yield

theoretical calculation by Farztdinov and ErnstffigVith the

is almost independent of the excitation wavelength. The

SAM1/COSMO Hamiltonian, they evaluated the dipole moment _magnitud(_a of the field-induced change in_ fluorescence intgnsity
of DNS in the FC excited state to be 22 D in the gas phase. 1S proportional to the square of applied field strength, as in the
The difference in the magnitude @ between DNS and case of the field-induced change in absorption intensity. In
DNB is as small as 0.7 D (see Table 1), although the conjugatedcontrast to the E-A spectra, a field-induced quenching of
length of DNB is aboti2 A longer than that of DNS. This fluorescence is observed and the E-F spectra are reproduced

suggests that a large increase of the charge delocalization occurfy @ Superposition of the fluorescence spectrum and its first
in the FC state of DNB, which interferes with the significant and second derivative spectra (see Figure 4). The quenching is
enhancement of the dipole moment. prominent in the E-F spectra of DNS and DNB. Table 2 shows

3 B. External Electric Field Effects on Fluorescence of  the magnitude of the field-induced fluorescence quenching of

Substituted Diphenylpolyenes.Three stilbenes and one di- the substituted diphenylpolyenes. In the analysis of the E-F

phenylbutadiene (DS, DCS, DNS, and DNB) exhibit fluores- spectrum, we first integrated the in_tensity of the E-F spec-
cence that is strong enough for the observation of the electric trum across the whole spectrum region to evaluate the magni-

field effects. Figure 4 shows the E-F spectra of these substitutedtUde of fluorescence quenching, since the derivative components

diphenylpolyenes in a PMMA film, together with the fluores- do not give a change in total intensity. When the fluorescence

cence spectra simultaneously observed. Note that excitation wag/€!d at zero field and its field-induced change are denoted by
®r and A, respectively, the field-induced change in fluo-

rescence yield relative to the total fluorescence yield is given

(51) Cao, X.; McHale, J. LJ. Phys. ChemB 1997 101, 8843.
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Table 2. Quenching of Fluorescence (A®g/Dg), Average S
Fluorescence Lifetime (z), and Field-Induced Change in 1 4 0000 F=0 DN
Nonradiative Rate Constant (Aky) of Substituted Diphenylpolyenes ~9.0-4 (a

Doped in a PMMA Film ?,‘2 1 & — simulation
26.0- 4 ~< - fesponse function
AD /Db 7 (ns)° Ak, (107 s~1)de a ;
DS ~0.003 (0.5) 0.62 19 33,
DCS —0.003 (0.45) 0.77 1.9 o
DNS —0.011 (0.4) 1.27 5.5
DNB ~0.012 (0.4) 1.40 5.4

aThe unit of applied electric field in parentheses is MV ©m
b Uncertainty in A®g/®¢ is +0.001.¢ Fluorescence decay profile was
analyzed by using a triexponential decay function (see captions and text
for Figures 5 and 6)¢ Eq 5 is used to estimate thik,, value.® The Akp,
value is normalized to be in the presence of 1.0 MV érhy using its
guadratic dependence on applied electric field.

by A®g/ P In Table 2, the difference in the magnitude of
AP/ O between DS and DCS is small, while the magnitude _

€ -5

of AO/ D of DNS is about 4 times larger than that of DCS. :9.0— . —F=0 -
This suggests that the magnitude of the quenching is not g """"" __1_0":9_
proportional to that of the energy shift induced by the interaction ‘;6'0 ] K, X
between the dipole moment in ther* FC state and applied Es04 - —-0.5§.
electric field (see Table 1). The magnitudeAsb (/@ is related 3 T <
to fluorescence lifetimer] in the absence df as well as the 0.0 0.0
field-induced change in nonradiative rate constai,{) by the :
following equation?® A1'°° : _
A APel f[4 4 APe SoY e
Ak o o ) 0924 e 1) /1o (1)

— simulation .

where the field-induced change in radiative rate constant is B L B B S S B

assumed to be negligibly small. In eq 5, the value\di-/dr 0 2 4nm2(ns)8 10 12

becomes .dlreCﬂy proportional to. quorescgnce litetime, if Figure 5. (@) Fluorescence decay (open circles) of DNS at 0.15 mol % in

|ADE D] is mgch SmaIIer_than_ unity. By us_lng eq 5 and the a PMMA film observed at zero field, together with the simulated curve of

fluorescence lifetime obtained in a PMMA film, the value of the decay (solid line) by a convolution of a response function (dotted line)

Aky, of each chromophore can be estimated, as shown in Tablewith a triexponential decay. Dashed, datashed, and detdot dashed lines

2. The Ak, value of DNS is over twice as large as those of represent the decomposed decay components of the simulated decay.
’ P . . . Excitation and monitoring wavelengths were 395.5 and 560.0 nm, respec-

DCS and DS, indicating that the difference in the magnitude of tvely. (b) Fluorescence decays observed at zero field (solid line) and at

ADEPr is not solely due to the difference in fluorescence 1.0 MV cm- (dotted line). (c) Difference (dotted line) between the decays

lifetime. observed at 1.0 MV cm and at zero field, together with the simulated

. . . - . - difference (thick solid line) and the fluorescence decay observed at zero
Since the field-induced change in transition dipole moment ¢4 (thin solid line). (d) Ratio of the decay observed at 1.0 MV-ém

to the lowest optically allowed excited state is negligibly small, relative to that at zero field (dotted line), together with the simulated one
as shown in Figures 2 and 3, the field-induced quenching of (solid line).

fluorescence suggests that the rates of nonradiative processes ] o )
from the fluorescent states are acceleratedFbyThe most ~ Out the direct measurements of the field-induced change in
significant nonradiative process of DS and DCS is known to fluorescence decay profile for DNS and DNB. Figure 5a shows
be the twisting of the double bond, resulting in thensto cis the fluorescence decay profile of DNS in a PMMA film in the
isomerizatior?®43 For the fluorescent LE states of DNS and 2absence oF, together with the instrumental response function
DNB, the ICT process to the nonradiative CT state as well as @nd the simulated decay. The excitation wavelength was 395.5
the isomerization should be considered as the significant "M Where the field-induced change in absorption intensity is
nonradiative processes. The yield of the intersystem crossing"€dligible (Figure 2). The monitoring wavelength at 560.0 nm
is negligible in DS and DC& 43 and that in DNS is 0.05 in is close to the fluorescence maximum; the peak wavelength of

toluene/benzergand decreases with increasing solvent polarity the fluorescence of DNS in a PMMA film is 580 nm, which is
as mentioned befor&:2832|t has been shown that the CT rates &most the same as that of the fluorescence in told&DiNS
are notably affected b§ in mixtures of donor and acceptor Molecules doped in a PMMA film show a multiexponential
molecules and methylene-linked molecules of donor and ac- fluorescence decay, which probably arises from inhomogeneous
ceptor in a film18-20 Thus, the marked field-induced quenching environments in a polymer film, i.e., the presence of different
of DNS and DNB observed in the present study can be interactions between DNS and PMMA which give different
attributable to the field-induced enhancement of the rate of the fluorescence lifetimes from each ott#érAs shown in Figure
ICT process from the fluorescent LE state to the nonradiative ©& fluorescence decay profiles of DNS could be reproduced
CT state. by using a triexponential decay, i.€.; A exp(/zi), where A

To quantitatively evaluate the magnitude of the field-induced 52) Ishikawa, M.; Ye, J. Y.: Maruyama, Y.; Nakatsuka, HPhys. Chem. A
decrease in lifetime of the LE fluorescence, we have carried 1999 103, 4319. n '
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Table 3. Time Constants and Pre-exponential Factors of DNS DNB
and DNB Doped in a PMMA Film for Different Electric Fields2? 9.0 1 0000 F=0
T N (a)
F(MV em™) 71 (ns) 7, (nS) 73 (nS) ’g 6.0 — simulation
DNS 0 0.34(0.388)  1.55(0.552)  4.64 (0.060) g, T E TN response function
DNS 1.0 0.31(0.389)  1.49(0.550)  4.58 (0.060) Ea0 SN
DNB 0 0.47(0.336)  1.78(0.645)  4.87 (0.019) 3%
DNB 0.85 0.44(0.337)  1.73(0.644)  4.82(0.019) L I 1 S
0.0+ T 1 f
a Pre-exponential factor of each component is given in parentheses. 9.0
andr » values are subject to an error of up to 0.1%, agwhlues are subject ~ (b)
to an error of up to 0.2%. - ] —F=0
% 6.0 e F = 0.85 MV cr
and 7; denote the pre-exponential factor and lifetime of 2 7
component, respectively. The obtained lifetime and the pre- §3'°‘
exponential factor of each component are shown in Table 3. 00
The average parameters are considered to be very useful to : 0'0 ' 0'5 ' 1'0 ' 1'5 " 2'0 ' 2'5 ' 8.0
understand the physical nature of polymer systems in which —— 15
the inhomogeneous environment is essential. The average :9.0— —F=0 (o | 7 __
lifetime (), defined byy; Aiti/Y; A, is estimated to be 1.27 ns g 1 e A1 (1) 10b
for DNS at zero field. 56'0‘ — simulation x
Figure 5b shows the fluorescence decays of DNS observed 53.0_ _.0,5‘_"{
in the absence and in the presence of an electric field of 1.0 o | L <
MV cm~1, being denoted byo(t) andIg(t), respectively. Both
decays obtained at positive bias and at negative bias were
essentially the same probably because of a homogeneous

distribution of orientations of chromophores in a PMMA film.
A small field-induced decrease in fluorescence intensity is
observed during the full decay. The difference between the
decays observed in the absence and in the preserfegi@.,

Ie(t) — lo(t), referred to af\l¢(t), is shown in Figure 5cAl¢(t)
gives a negative intensity during the full decay. This shows the
field-induced quenching of fluorescence. The time dependence
of Al(t) is apparently different from that dfy(t), indicating
that the fluorescence lifetime is markedly influencedFyif

the fluorescence lifetime is independenfofthe intensity ratio
between two decays observed with and witheshould remain

I /1o )
—— simulation

12

L
0

T LI

4 6 8
Time (ns)

—
10

Figure 6. (a) Fluorescence decay (open circles) of DNB at 0.15 mol % in

a PMMA film observed at zero field, together with the simulated curve of
the decay (solid line) by a convolution of a response function (dotted line)
with a triexponential decay. Dashed, dalashed, and detdot dashed lines
represent the decomposed decay components of the simulated decay.

constant over the whole time region. As shown in Figure 5d Excitation and monitoring wavelengths were 408.0 and 590.0 nm, respec-
’ ' tively. (b) Fluorescence decays observed at zero field (solid line) and at

however, the value ofi=(t)/Io(t) is not constant during the full o g5'my cnrt (dotted line). (c) Difference (dotted line) between the decays

decay, but decreases with increasing time. These results indicat@bserved at 0.85 MV cnd and at zero field, together with the simulated

that the fluorescence lifetime of DNS is reduced in the presenceqmerenge (th'ick_ solid line) a_nd the fluorescence decay observed at zero

of . Such a felcnduced decrease in luorescence fetime can e (7 20 Ine) () Kt of e decay cserued a 085 v ém

be attributed to the field-induced acceleration of the nonradiative (solid line).

transition from the fluorescent LE state. Both the time profiles

of Alg(t) andIg(t)/1o(t) are very sensitive to the parameters of a increasing time in Figure 6d. These results clearly indicate that

triexponential decey and are satisfactorily reproduced by using the fluorescence lifetime of DNB is also reduced in the presence

the parameters shown in Table 3. Thevalue of DNS at 1.0 of F. All the observed profiles shown in Figure 6 are well fitted

MV cm1is then estimated to be 1.21 ns. It is noted in Table by using a triexponential decay. The lifetime and pre-expo-

3 thatA; is unaffected byF, althought; depends ori. nential factor of each component of DNB at zero field and at
Figure 6a shows the fluorescence decay profile of DNB in a 0.85 MV cnit are collected in Table 3. Then, tievalue of

PMMA film at zero field. The excitation wavelength was 408.0 DNB is estimated to be 1.40 ns at zero field and 1.35 ns at

nm, where the field-induced change in absorption intensity is 0.85 MV cnt2,

negligible, and the monitoring wavelength was 590.0 nm. Note  The average value ofAk, can now be evaluated by

that fluorescence of DNB shows a maximum intensity at 600 subtraction of I7; at zero field from that aF; the Ak, values

nm in a PMMA film. The decay profile of DNB is also of DNS and DNB in the presence of 1.0 MV cfare

reproduced by using a triexponential decay. Figure 6b shows determined to be 3.% 10’ and 3.7 x 10" s71, respectively.

the fluorescence decays of DNB at zero field and in the presenceThese values are in reasonable agreement with those obtained

of 0.85 MV cntl. A field-induced de-enhancement of the
fluorescence intensity is observed during the full decay. Figures
6c and 6d show the time profiles &¢(t) andlg(t)/Io(t) of DNB,
respectively. In Figure 6&\l«(t) gives a negative intensity during
the full decay, and the time dependenceAdf(t) is different
from that of Ig(t). The value of Ig(t)/lo(t) decreases with

from the magnitude oA®g/Pr in Table 2, confirming that the
guenching of fluorescence is mainly due to the field-induced
decrease in fluorescence lifetime. As shown in Table 3, not only
the average fluorescence lifetime but also the lifetime of every
decaying component becomes shorter in the preserieeTdie
decaying components exhibit a different efficiency of the field
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Figure 7. Time-resolved fluorescence spectra (a) and E-F spectra (b) of DNB at 0.15 mol % in a PMMA film. Applied field strength was 0.95MV cm
Excitation wavelength was 408.0 nm. Time interval with which fluorescence intensity was integrated was 500 ps. Time-resolved fluorescerse®l spectra
E-F spectra of DNB, where the peak intensities are normalized to unity, are shown in (c) and (d), respectively. Fluorescence spectra in (c) and (d) were
measured with a time interval of 16@00 ps (thin solid line), 1.62.1 ns (dotted line), and 3-19.1 ns (thick solid line).

dependence. In both DNS and DNB, the fastest decayingthe LE and CT states in the presencekof Thus, the ICT
component shows the most efficient decrease in lifetim&py  dynamics is expected to be affected By depending on the
the lifetime of the fastest decaying component of DNS becomes magnitude of the dipole moment of the CT state. The field-
shorter by a factor of 9% at 1.0 MV crh induced increase in ICT rate in a random distribution system is

The measurements of the time-resolved E-F spectra of DNB qualitatively explained as follow$. The free energy gap of the
in a PMMA film were also carried out with a field strength of reaction AG) in the presence df can be given adGy — uF,
0.95 MV cntl. Figures 7a and 7b show the time-resolved whereAG; is the free energy gap in the absencd=adndy is
fluorescence spectra and time-resolved E-F spectra of DNB in the electric dipole moment of the product. The external electric
a PMMA film, respectively. The time interval with which field can be regarded as a perturbation, and thus the CT rate
fluorescence was collected was 500 ps. In Figure 7a, theconstant is expanded as a power serieB.dBy assuming that
fluorescence spectrum slightly shifts to a longer wavelength with only AG is affected byF and the CT rate is given by the
time. This may come from the presence of different interactions classical theoryAkcr, which is defined agcr(F) — ker(F =
between DNB and PMMA which give different spectral shapes 0), divided bykcr(F = 0) is given by?®
and different fluorescence lifetimes. The time-resolved fluo-
rescence and E-F spectra, where the peak intensities aréMcr/ker(F = 0)=2B(AG, + Ag)(uF) +
normalized to unity, are shown in Figures 7c and 7d, respec- B{2B(AG, + ,10)2 — 1} (uF)? (6)
tively. The E-F spectrum in Figure 7d also exhibits a red-shift
as a passage of time, but the magnitude of the shift is smallerwhereB is (4ksTAg) ™t and g is the reorganization energy. In
than that observed in the fluorescence spectrum in Figure 7c.eq 6, the zeroth-, the first-, and the second-order terrfrsare
This result suggests that the magnitude of the field-induced considered, and other higher terms are neglected. In a random
guenching of DNB depends on the interaction between DNB distribution system, the averaged® and uF)? integrated over
and PMMA. The time dependence of the Stark effect line shape the full space is given by zero an|?|F|%/3, respectively. Thus,
should also be considered. eq 6 can be rewritten as follows:

We summarize the results of DNS and DNB obtained using
electric field modulation spectroscopy as follows. (1) The Akerlker(F =o)=g{QB(AGO+,10)2_ B uPIF? (7)
fluorescence yields of DNS and DNB are markedly de-enhanced
by F. (2) |AQH | of thesg molecules are about 4, times larger o, eq 7, the negative value Akct in a random distribution
than those of the other dlphepylpolyenes used in the presemsystem is predicted only for a small barrier reaction where the
study. (3) The fluorescence lifetimes of DNS and DNB are ,jyation energy is smaller than the thermal enekg¥, The
reduced in the presence . (4) The transition moments o1 yrocesses of DNS and DNB occur in the subnano- to
between the Sstate and the lowest optically allowed excited  5n45ec0nd time range, suggesting that their barrier heights are
state are independent Bf As mentlongd before, the flgores- larger tharksT. Therefore, the positive value dker is expected
cence yleldslof DNS and DNB drastically decrease in polar ¢,." pNS and DNB, which is consistent with the present
solvents, which has been attributed to the presence of theg,nerimental results. Recently, Tachiya et al. have proposed
transition from the fluorescent LE state to the nonradiative CT esijed theoretical models for field-induced changes in electron

; . gt o
state in polar environmeft. 3 From these results, it is NOW  ansfers2 Farztdinov and Emnsting have suggested that all single-
concluded that the ICT rates of DNS and DNB are accelerated ), yisted conformations of DNS in excited states show no

by F. The ICT processes of DNS and DNB are shown to be gnission because of their very small oscillator strengths, and

controlled byF in the present study. the nitrophenyl- and dimethylamino-twisted conformations are

The energy level of the CT state can be considered to be 1 o\ pelow the EC state in polar solveRfsHence, the ICT
significantly affected byF because of its large electric dipole

moment. This causes a large shift of the free energy gap betweer(s3) Hilczer, M.; Tachiya, MJ. Chem. Phys2002 117, 1759.
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Figure 8. Absorption spectrum, its first and second derivative spectra, and Figure 9. Absorption spectrum, its first and second derivative spectra, and
E-A spectrum of SB at 0.5 mol % in a PMMA film (from top to bottom).  E-A spectrum of DPB at 0.5 mol % in a PMMA film (from top to bottom).
Applied field strength was 0.75 MV cm. Applied field strength was 0.75 MV cm.

dynamics from the LE state to the nonradiative CT state of DNS change in total absorption intensity is negligibly small. Thus,
and DNB may be accompanied by geometrical relaxation to the field effects on the absorption spectrum of DPB are

the twisted conformations. essentially the same as the ones observed for SB. The same
3.C. External Electric Field Effects on Absorption and features are also observed in the E-A spectrum of DPH.
Fluorescence of Unsubstituted Diphenylpolyenedzigure 8 Figure 10 shows the E-F spectra of SB, DPB, and DPH doped

shows the E-A spectrum of SB at 0.5 mol % in a PMMA film, in a PMMA film, together with the fluorescence spectra
together with the absorption spectrum and its derivative spectra.simultaneously observed. These fluorescence spectra are due
The absorption bands observed around 34 000'@re assigned  to the S — S transition. Note that excitation was done at the
to the S — Sy transition, and the vibronic structure arises mainly wavelength where the field-induced change in absorption
from the olefinic stretching modé4.In contrast to the substi-  intensity is negligible. All the molecules exhibit a decrease in
tuted diphenylpolyenes, the E-A spectrum of SB is similar in fluorescence intensity in the presence Bf The negative
shape to the first derivative of the absorption spectrum, as components of the E-F spectra indicate that the fluorescence
reported in our preliminary papét,indicating that the field- quantum vyields of the unsubstituted diphenylpolyenes are
induced change in absorption intensity mainly comes from the reduced byr. The E-F spectra of SB and DPB are satisfactorily
change in molecular polarizability following the photoexcitation. reproduced by a linear combination of the fluorescence spectrum
Owing to the Cy, symmetry, SB molecules in an isolated and its first derivative spectrum (see Figures 10a and 10b). As
condition have no permanent electric dipole moment, and it is shown in Figure 10c, however, the E-F spectrum of DPH in a
understood that\u is negligible at a low concentration of SB  high-wavenumber region cannot be fitted well by a linear
in a film. The field-induced change in total absorption intensity combination between the fluorescence spectrum and its first
is small, indicating that the transition dipole moment to the S derivative spectrum. This disagreement suggests that the
state is hardly affected bly. fluorescence of DPH is originated simultaneously from different
Figure 9 shows the E-A spectrum of DPB doped in a PMMA states. The fluorescence of DPH is known to arise from the
film, together with the absorption spectrum and its derivative 2'Aq (S;) state coupled with the optically allowed8, (S,)
spectra. The absorption band is assigned to the transition to thestate3> > however the fluorescence from théB], state is
S, state. The E-A spectrum is very similar in shape to the first slightly observed in the higher-wavenumber side of theg2
derivative of the absorption spectrum, and the field-induced

(55) Saltiel, J.; Ko, D.-H.; Fleming, S. Al. Am. Chem. S0d.994 116, 4099.

(56) Itoh, T.; Kohler, B. EJ. Phys. Chem1987 91, 1760.

(54) Nakabayashi, T.; Okamoto, H.; Tasumi, 81.Phys. ChemA 1998 102 (57) Saltiel, J.; Sears, D. F., Jr.; Sun, Y.-P.; Choi, JJAAm. Chem. S0d992
9686. 114,3607.
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Figure 11. Plots of the field-induced change in absorption intensity (a)
and in fluorescence intensity (b) of SB at 0.5 mol % in a PMMA film as
a function of the square of applied field strength. The observed absorption
and fluorescence wavelengths were 331 and 350 nm, respectively.
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Figure 10. E-F spectra (shaded line) of SB (a), DPB (b), and DPH (c) in o ] e

a PMMA film, together with the fluorescence spectra simultaneously 0.0 b Timmazme o
observed (solid line). Excitation wavelength was 298.5 nm for SB, 335.0
nm for DPB, and 347.0 nm for DPH. Applied field strength was 1.0 MV
cm~1 for SB and DPB and 0.8 MV crit for DPH. The concentration was
0.5 mol % in all the spectra. The simulated E-F spectrum is also shown by
a dotted line in every case.

fluorescencé® The weak fluorescence from tleés-conformer

— 1M /lo(t)

is also observed with a peak located at a lower wavenumber 0.990 ) :

than that of therans-conformer®” The disagreement between 1 l_,s'lm u',a"°|" ————
the E-F spectrum and the simulated spectrum for DPH in the 00 05 10 15 20 25
high-wavenumber region may be interpreted in terms of the Time (ns)

presence of the weak fluorescence from thB,lstate in the Figure 12. (a) Fluorescence decay (open circles) of SB at 0.5 mol % in a

high-wavenumber side of théle fluorescence. The magnitude PMMA film, together with the simulated curve of the decay (solid line) by
) a convolution of a response function (dotted line) with a triexponential decay.

of ADe/Pr is estimated to be 1.1% for SB at 1.0 MV chy Dashed, dotdashed, and detdot dashed lines represent the decomposed

1.6% for DPB at 1.0 MV cm?, and 0.5% for DPH at 0.8 MV decay components of the simulated decay. Excitation and monitoring

cm~L Note that the magnitude of the field-induced change is wavelengths were 298.5 and 350.0 nm, respectively. (b) Ratio of the decay

proportional to the square of applied field strength. Plots of the Pserved at 1.0 MV ct relative to that at zero field (thin solid line),

. . . . . . . together with the simulated one (thick solid line).

field-induced change in fluorescence intensity and in absorption

intensity of SB against the square of field strength are shown 1.67 ns andy, = 0.305,A; = 0.667,A3 = 0.028. Ther; value

in Figure 11. of SB in a PMMA film is then determined to be 305 ps at zero
The transition moments of the unsubstituted diphenylpolyenesfield. The time profile ofl(t)/lo(t) of SB is shown in Figure

between the Sand S states are found to be unaffected by 12b. The shape ofg(t)/Io(t) is sensitive to the change in

In all the E-F spectra, the intensity decrease is observed in thefluorescence lifetime, as shown in Figures 5 and 6. If the

whole spectrum region, indicating that the change in the fluorescence lifetime is independent Bf the intensity ratio

fluorescence intensity is mainly due to the @insmolecules should remain constant over the whole time region. As shown

in the § state. Thus the field-induced fluorescence quenching in Figure 12b, however, the value tf(t)/Io(t) decreases with

of the unsubstituted diphenylpolyenes can be ascribed to theincreasing time, indicating that the fluorescence lifetime of SB

field-induced enhancement of the rates of nonradiative processess reduced in the presence [ef This result indicates the field-

from the § state. As mentioned below, the measurements of induced acceleration of the nonradiative rates in thetSte.

the field-induced change in decay profile of SB also indicate The time constant of each component at 1.0 MV~éns

the increase in nonradiative rate constant in the presenge of qualitatively estimated to be as follows; = 59 ps,r, = 359

The fluorescence decay of SB doped in a PMMA film in the ps, 73 = 1.67 ns. The time profile of(t)/1o(t) is sensitive to

absence oF is shown in Figure 12a. The decay profile of SB the change inz; of 0.1%. The magnitude oy remains

is well fitted by using a triexponential decay. The time constant unchanged within the present experimental accuracy.

and pre-exponential factor of each component at zero field are  For SB and DPB in the Sstate, theéransto cisisomerization

determined to be as followst; = 60 ps,7, = 360 ps,73 = has been known to be one of the significant nonradiative
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1074 J, the spot area of 3.6 10~ cn?, and the literature values
of the absorption coefficients of theans isomer of 16-4° at

SB | . .
=60+ % @ -0.002 307 nm and 1% at 295 nm. Figure 13b shows the difference
E — '_0_065 spectrum of DPB in a PMMA film by using UV light at 335.0
53.0— / > g nm. The difference spectrum of DPB exhibits a peak-814
%

1 ~0.12

W \, —0-03§ nm, which is similar to the peak position of the reported
0.0 2% | 0.00 absorption spectrum of thas—trans form of DPB in hexane

040 260 280 300 820 540 solution%8 These results clearly indicate that the photoexcited
2.0 all-trans-diphenylpolyenes can isomerize to ttis configura-

- tions even in a PMMA film at room temperature.
] DPB 03 In Figure 12a, the fluorescence decay of SB doped in a
?._»1 0 (b) '_0.2 §' PMMA film is composed of picosecond and nanosecond decay
& - components. The radiative lifetime of SB is reported to be
3 | -0.13 1.7—-2.7 nsb06lindicating that the picosecond decay component
00 r 0.0 ® is mainly ascribed to the nonradiative process. This nonradiative

N 21'30 i 3210 ' 3&0 ' 430 process can be regarded as the isomerization to cike
Wavelength (nm) configuration (Figure 13a). On the other hand, the nonradiative
Figure 13. (a) Difference spectrum (shaded line) of SB in a PMMA film process is considered to make a small cont_rlbuthn tO. the
obtained by subtraction of the spectrum observed before UV irradiation Nanosecond decay component. From t_he_se Con5|derat|0n3, it may
from that after irradiation with UV light at 298.5 nm, together with the be concluded that two types of SB exist in a PMMA film: one
absorption spectrum before the UV irradiation (solid line) and the absorption ¢gn easily isomerize to theis configuration via the Sstate

spectrum of cis-stilbene doped in a PMMA film (dotted line). The e L -
concentration of SB was 0.5 mol %. (b) Difference spectrum (shaded line) and the other cannot within the radiative lifetime. There are

of DPB in a PMMA film obtained by subtraction of the spectrum observed  Many sizes of free spaces in a PMMA film, so that the former
before UV irradiation from that after irradiation with UV light at 335.0  one is assigned to SB molecules existing in large free spaces

nm, together with the_ absorption spectrum before the UV irradiation (solid and the latter one is assigned to those existing in free spaces
line). The concentration was 0.5 mol %. . . .

that are too small for the isomerization. The vyield of the
photoisomerization to the intermediate state is estimated by the
lifetime distribution. On the assumption that the nanosecond
decay does not involve the isomerization, the yield to the
intermediate state is qualitatively evaluated to be 0.8 in a PMMA
film. It has been proposed that the photoisomerization of stilbene
does not occur in a PMMA film, since a lifetime of 1.6 ns was
observed in SB molecules doped in a PMMA film by transient
presence of-, which results in the field-induced decrease in absorpti_on_spectroscoﬁf/.However, the present experiment_al
fluorescence lifetime. To examine whether tirans to cis results indicate that SB molecules in large free spaces in a

PMMA film can perform thecis—trans photoisomerization at

photoisomerization occurs or not in a PMMA film, we have o
compared the absorption spectra of the unsubstituted dilohen_room temperature. The lifetime of several nanoseconds observed

ylpolyenes in a PMMA film obtained before and after UV in a film may be ascribed to SB molecules in small free spaces.
irradiation. From the present absorption and fluorescence experiments,

Figure 13a shows the difference spectrum of SB in a PMMA it is now concluded that the isomerization is one of the
film obtained by subtraction of the spectrum observed before Significant nonradiative pathways for SB and DPB in the S
UV irradiation from that observed after irradiation with UV light  Staté in a PMMA film. The field-induced quenching of

at 298.5 nm. A factor that ensured that the vibrational structure fluorescence as well as the field-induced decrease in fluores-
of the original absorption spectrum did not remain in the sub- cence lifetime can be therefore ascribed to the field-induced

enhancement of the rate of the isomerization to the
configurations. As mentioned above, DCS shows the photoi-
somerization with the large quantum yield in solution: the
isomerization yield of DCS is 0.50 in benzetfayhile that of
DNS is 0.02 in the same solve#itThe twisting of the GC
bond is also known to be the most efficient nonradiative pathway
for DS in the 3 state?243 Hence it may be said that the
guenching components of DCS and DS in Table 2 are mainly
of the trans to cis photoisomerization can be determined in due to the field-.induced enhanc.ement.of the isomeri'zation rate.
principle by using the number of doped molecules in the The mechanism of the photoisomerization of SB in so_lut|on
irradiated volume, that of the molecules absorbing photons, andhas been proposed as follo#s:#>4%%The photoexcitation
the magnitude of the absorption change. We have qualitatively (60) Sumitani, M.; Nakashima, N.; Yoshihara, K.; NagakuraC8em. Phys.

estimated the isomerization yield to be @&3).15 in a PMMA Lett. 1977, 51, 183.

: it (61) Saltiel, J.; Waller, A. S.; Sears, D. F., Jr.; Garrett, CJZPhys. Chem.
film at room temperature from the excitation energy of 5.0 1003 97, 2516.

pathway$~-11.58 Actually, the quantum yield of the conversion
from the FC state to thperpendicularintermediate state of
the isomerization is close to unity for 884546and is~0.22

for DPB®8in solution. The isomerization yield of DPH has been
found not to be so large as that of SB, although this yield is
strongly dependent on solvent polaribyt is hence conceivable
that the rate of thérans to cis isomerization increases in the

tracted spectrum was multiplied to the absorption spectrum after
the irradiation. The feature of the obtained difference spectrum
is similar to that of the absorption spectrum aé-stilbene>®
Since there is a large potential barrier separatingrénes and
cisisomers in the $state, the two isomers are not interchange-
able with each other in theyState at room temperature. Hence
the difference spectrum in Figure 13a can be attributable to the
cisisomer generated via theg State of SB. The quantum yield

(62) Nikowa, L.; Schwarzer, D.; Troe, J.; Schroeder).JChem. Phys1992
(58) Yee, W. A;; Hug, S. J.; Kliger, D. §. Am. Chem. S0d.988 110, 2164. 97, 4827.
(59) Myers, A. B.; Mathies, R. AJ. Chem. Phys1984 81, 1552. (63) Hochstrasser, R. MRure Appl. Chem1981, 52, 2683.
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of SB with UV light results in @rans S; species having a planar
structure. On the Spotential surface, the generatedspecies

is thermally activated to go over the barrier in a picosecond
time scale to form another Species with a J0twisted structure
around the &C bond. Thigperpendicularspecies then relaxes
very rapidly (<1 ps) to aperpendicularS, species, which
transforms to thdérans and cis isomers with nearly the same
ratio. In this scheme, it is noted that the barrier in the
photoisomerization only occurs between trensandperpen-
dicular structures on the ;Spotential surface. Thus, the rate-
limiting step in the overaltrans to cis photoisomerization is
the barrier crossing to thperpendicularconfiguration in the
S, state.

following absorption. The analysis of the E-A spectra indicates
that the dipole moment of the substituted stilbene in st
FC state becomes larger with the increase of the magnitude of
Ao. The large enhancement of the dipole moment insth#
FC state suggests that the charge separation between the electron
donor and acceptor substituents is enhanced inttid-C state.
Fluorescence yields of DNS and DNB are markedly reduced
by F, indicating that the ICT rates from the fluorescent LE state
to the nonradiative CT state of DNS and DNB are accelerated
by F. The direct measurements of the field-induced change in
fluorescence lifetime are carried out for DNS and DNB with a
picosecond time resolution. The average lifetime of the fluo-
rescent LE state of DNS is 1.27 ns at zero field and 1.21 ns at

From the solvent dependence of the optical spectra of SB 1.0 MV cm™?, and that of the fluorescent LE state of DNB is

and tetraphenylethylene, it has been suggested thaktipen-
dicular intermediate state on the Potential surface is likely
to be a zwitterionic state with a large dipole mom&ht’ The

zwitterionic intermediate is also proposed in the photoisomer-

ization of DPH for the terminal bon®.Recently, Amatatsu has

1.40 ns at zero field and 1.35 ns at 0.85 MV @mThe ICT
processes of DNS and DNB are shown to be controlled by

It is noted that the magnitude afu between therz* FC state
and the g state of DNS is estimated to be 10.9 D, indicating
that DNS exhibits large CT character immediately after pho-

estimated the electronic structure of SB at the conical intersec-toexcitation.

We have shown that th&ans to cis isomerization is a

tion by complete-active-space self-consistent-field (CASSCF)
calculation® The conical intersection was calculated to be a significant nonradiative process for SB and DPB doped in a
crossing region between a zwitterionic state and a covalent statsMMA film. This photoisomerization is found to be accelerated
in S and S. If the perpendicularintermediate state in the; S by F, suggesting that the intermediate state of the photoisomer-
state has zwitterionic or charge transfer character, the activatedzation in the $ state has zwitterionic or charge transfer
barrier crossing from thizansconfiguration to the intermediate ~ character. Analyses of the field effects on the photoexcitation
state on the Spotential surface can be regarded as the ICT dynamics with the recent theoretical mddelill give detailed
process. In such a case, the photoisomerization may be affectednformation on the electronic structure around the conical
by F as discussed in subsection 3.B. In the present study, intersection. In some biological systems, charged and polar

fluorescence yields of the unsubstitutedtedins-diphenylpoly-
enes are reduced Wy, suggesting the field-induced enhance-
ment of the photoisomerization to theis configurations.

groups of the protein surrounding chromophores produce strong
electric fields. The present result suggests that electric fields
generated from the protein significantly influence photochemical

Therefore, the present result may suggest the zwitterionic modelreactions of chromophores in protein environment.
at the intermediate state of th@nsto cis photoisomerization Measurements of solvent polarity dependence of optical
in a PMMA film. spectra are generally used to obtain information on CT processes
or CT characters in the systems. This method is useful; however,
microscopic solutesolvent interactions as well as dependencies
In the present study, we have measured the E-A and E-F of the spectra on other solvent parameters often interfere with
spectra of para-substituted and unsubstituted tns-di- the estimation of the CT characters. Since an external electric
phenylpolyenes doped in a PMMA film. The E-A spectra of field is the only perturbation to be considered, measurements
the substituted diphenylpolyenes are essentially the same inOf external electric field effects on optical spectra are expected
shape as the second derivative of the absorption spectrum/© provide detailed information on photoisomerization as well
indicating that the field-induced change in absorption intensity @s CT dynamics.
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