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Spectra, quantum yields, and kinetics of the unprotonatbdtyl Schiff base of retinal (SBR) fluorescence

are investigated im-alcohols at room temperature. While the absorption spectra in H-bonding solvents are
only slightly shifted to longer wavelengths compared to the absorption in hexane, the emission spectra are
strongly influenced by H-bond formation. The radiativestte lifetimes are found to be in the 10200 ns

range, indicating that the; S~ S, transition is strongly forbidden. With decreasing polarity the rate of the S
state decay decreases and in pure alcohols the rate exhibits an exponential dependence on the dielectric constant.
Semiempirical calculations indicate a larger probability of proton transfer from alcohol to SBR in the excited
state than in the ground state, which may result in protonation of the SBR upon excitation. The theoretical
model also shows that the polar environment increases the probability of such a proton transfer from alcohol
to SBR. The observed experimental results can be explained by an increase;cttite Betime by H-bonding.

Within the model an increase of solvent polarity makes the nonradiative decay faster in the H-bonded complex
due to proton transfer from the alcohol to SBR.

Introduction the kind of the link between the SBR nitrogen atom and an
The Schiff base of retinal (SBR) is a model of the chro- external proton is still missing, the model with a very strong

mophore in different retinalprotein complexes, which are N_I_t' botn(; ISnt}’e PgSr%L:_\r,]d_sttahte, cortrelatlngt vt\)/:thftheb tetrm_
responsible for a large variety of photobiological processes. protonate ( ), is the most acceptable for bacteri-

Examples of such biosystems are rhodopsin and other rhodopsin-orhOOIOIOSin and rhodopsin.

like proteins, active in almost all known forms of visi®A, The absorption spectra of natural retinoid proteins cover the
bacteriorhodopsin, which performs charge separation in the non-€ntire visible spectrum and even slightly longer wavelengtfs.
chlorophyll photosynthesis iHalobacterium halobiud—3 and However, SBR in solvents absorbs in the near-UV range, and

halorhodopsin, which transports chloride idnk these and the absorption spectrum of PSBR in solvents is strongly shifted
many other photobiological systems the retinoid molecule is to longer wavelengths relative to the spectrum of unprotonated
the only chromophor@56which absorbs the light energy and SBR?Z The protonation shift can explain a large amount of the
initiates the subsequent dark processes. In all models the functiorabsorption shift in the chromopher@rotein complexes as

of the polyene chromophore in the photoactive retinoid proteins compared to the SBR absorption, but to describe the longer
includes either a proton transfer from its original position to a wavelength absorption of natural proteins maxima a model with
new site or switching due to deprotonation, that resuls in an a specified protein cavity field must additionally be involvéd.
electrochemical signal across the biological membtréaead/ Investigation of retinoid protein fluorescence is very com-
or a conformational change of the membra8&An external plicated. Retinoid proteins have very wé&k5 and ultrafast
proton bound to a SBR molecule in a retinejorotein complex  flyorescenct 19 because of excited-state photochemical reac-
can play several important roles. First, itinduces a spectral shift tions, the most important one among them is the-tians or
adapting the pigment absorption into a useful raggecond, {rans-cis isomerizatior:6 Together with the ultrafast excited-

it can prevent random and nonspecific isomerization of SBR giate dynamics, there is one more difficulty in the retinoid
by locking its ground state conformatiéhFinally, the proton  hotophysics. Symmetric polyenes with more than three double
can be transferred to a new location, or deprotonation can serveynds have a forbidden; SS (2A4—1Ay) transition2® while
asa SW',tCh for a proton transf%?r,that W|II.create a charge  the Jowest optically active 1Bstate is slightly higher. The model
gradient in bacteriorhodopsin photosynthesis and stimulate someg 5150 applicable for SBR in solutions, where the200—400
other photoprocessés? Although a conclusive answer about ns radiative lifetime and relatively fast decay of thesgate in

- ) SBR (~40 ps) results in a low-fluorescence quantum yield of
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TABLE 1: Absorption ( A3, and Fluorescence 4'max) Maxima and the Fluorescence Lifetimes#;) and Quantum Yields (®y)
for SBR) in Several Solvents and PSBR in Hexarfe

solvent n € Amaxy M Afa, NM 11, ps kg, 1P s71 @y, 1074 ki, 10°st  k, 10°st
hexane 1.375 1.88 356 510 383 26+ 2 0.8+ 0.2 2.1+ 0.5 800
methanol 1.329 32.6 362 640 M3 48+ 7 2.0+ 0.2 9.5+ 1.5
ethanol 1.361 24.3 363 610 564 179+ 15 3.5+0.3 6.3+ 0.7 830
propanol 1.386 20.1 365 605 a35 12.0+£0.7 4.3+04 5.2+ 0.5
butanol 1.399 17.1 366 600 1a35 9.7+ 04 5.6+05 5.4+ 0.5
pentanol 1.410 13.9 366 600 1295 7.8+03 7.0+0.6 5.4+ 0.5
heptanol 1.425 11.8 600 1455 6.9+ 0.2
decanol 1.437 8.1 600 1746 58+0.2 9.1+0.7 5.3+ 0.5
acetonitrilet+ butanol (vol 4:1) ~33 362 20+ 3 50+ 8
tetradecane- butanol (vol 4:1) ~5 600 200+ 7 5.0+ 0.2
hexane (PSBR) 1.375 1.88 457 620 <6 >160 1.8+£0.2 >30 400

~500? ~80°

aThe experimental radiative ratels & ®y/7¢) and calculated radiative rates for the absorption transitiQifir@m ref 21), as well as solvent
refractive indexn and dielectric constant are also showrP Using 2.3 ps lifetime from ref 23.

in PSBR is substantially shorter than for SBR2—5 pg2-24) ments at ambient temperatur@93 K. The presence of oxygen
and this neutralizes the increase of radiative rate intensity upondid not influence the results. Because of the relatively low
protonation. The short lifetime therefore explains why the PSBR stability of SBR solutions, fresh samples were used with#2 1
emission gquantum yield is also low-2 x 1074 in hexané?). h after preparation. The sample absorption before and after
The presence of two close-lying excited states with different measurements was carefully controlled.
electronic and structural properties leads to problems in  Absorption spectra were measured by a Beckman DU-70
experimental and theoretical investigations of the retinoid excited spectrometer. The fluorescence and fluorescence excitation
states. spectra were recorded by a Spex Fluorolog 112 instrument

Most recently, a series of theoretical investigations of 8BR  equipped with a cooled Hamamatsu R 928 photomultiplier. The
and similar model systertfswere used to describe the confor-  optical densities of the samples in 1 cm quartz cuvettes were
mation and isomerization of SBR in the ground and excited typically 0.15-0.4 at the excitation wavelength. As a standard
states. However, there is an obvious lack of experimental for the SBR fluorescence yield measurements, 1,8-diphenyl-
information about protorSBR interaction, especially in the  octatetraene in nondegassetiexane ¢; = 0.028) was used.
excited states. This restrains a deeper understanding of theweak background emission and solvent Raman scattering were
primary processes in retinoigbrotein systems. It is also clear subtracted from the spectra. The spectra were also corrected
that investigations of the system with an intermediate strength for the instrument emission and excitation sensitivity.
of the N—H bonds, which can more easily be modified to reveal  \jeasurements of the fluorescence kinetics were performed
the changes occurring upon excitation, will be useful to py 5 time-correlated single photon counting system equipped
understand the role of a proton in the excited-state photochemi-yith a microchannel plate R2609U-05 (Hamamatsu Photonics),
cal processes. During the retinoid protein photocycle the gn ORTEC 567 time-to-amplitude converter and a Nucleus
proton—-SBR bond varies from strongly protonated (PSBR) to personal computer analyzer. Excitation light in the 3390
completely unprotonated SBR. The evolution must be controlled nyy and 416-430 nm ranges was obtained by frequency
by the excited-state properties, as We_II as by the environment.doub"ng a dye laser emission (Styryl 8 and Styryl 9 dyes) with

In the present work, we have investigated the most common g | jj0, crystal. The dye laser was synchronously pumped by a
case of a SBR molecule linked to an extra proton. This case iSc\w Nd:YAG laser (Spectra Physics). The excitation pulse
hydrogen (H) bonding, where the proton is provided by an gyration was about 10 ps, and a repetition rate of 0.8 or 4 MHz
external molecule of alcohol. It is well-known that SBR in \yas used. The average power at the sample was below 0.5 mW,
alcohols exists as the hydrogen-bonded complex§BR) and  anq the illuminated sample area wa®2 mn?. A thin A/2
its absorption spectrum is slightly shifted to longer wavelengths retardation plate in the excitation beam turned its polarization
from the absorption of SBR, but not nearly as much as for 5 any desired direction. The spectral width of the monochro-
PSBR. We have studied the fluorescence of SBR in different mator slits was 816 nm. To increase the system sensitivity,
alcohols and their mixtures with hydrocarbon solvents and some kinetic traces were measured with red cutoff filters instead
compared it to the fluorescence behavior in aprotic solvents. of the monochromator.
The correlation between fluorescence intqnsity and lifetime o the kinetic measurements the samples were usually placed
shows the great influence of H-bond formation on thestte ;1 o quartz cells and the optical densities of the solutions
properties. While the SBR fluorescence in aprotic solvents did \ere from 2 to 6 to ensure the excitation pulse absorption within
not show a large solvent dependefte-bonded SBR was ;5 ghort path, thus preventing a possible decrease of the system
strongly influenced by the solvent and the main aim of_thl_s work  oqojution (1 mm in toluene corresponds to 5 ps). The emission
was to understand the solvent effects on the3R emission. a5 collected from the front or side wall of the cell in direction

. perpendicular to the excitation beam. Additional color glass

Materials and Methods filters were used to avoid scattered light. The instrument

The purified crystalline 6s-ciall-trans-n-butylamine Schiff response function was recorded at the excitation wavelength
base of retinal (SBR) was a gift from Dr. A. Khodonov (Moscow from a scattering sample or the sample under investigation.
State Academy of Fine Chemical Technology). The compound During every experimental series the response function was
was stored in the dark at200 K or at~273 K under vacuum.  stable and had a full width at half-maximum (fwhm) of-560
Spectroscopic or reagent grade solvents were usually utilizedps. Reconvolutions of the emission kinetics and the fluorescence
without further purification. Linear 1-alcohols were used in the anisotropy kinetics were performed by our own program. The
work. Freshly prepared solutions were studied in all measure- time-resolution limit was found to be about 5 ps for a one-
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exponential decay. Calculations with up to three exponential 400 500 600 700
components were used in the present work. /,r“’"v»\_\' a

Results and Discussion
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The absorption and fluorescence maxima in hexane and
different alcohols are given in Table 1. Examples of absorption
spectra of SBR and PSBR in hexane and alcohols are shown in
Figure 1. All the spectra are very broad and show a lack of
structure. Only the absorption spectrum of SBR in hydrocarbons
exhibits a weak structure (Figure 1), which is reduced by
solvents with larger refractive index and completely disappears
upon H-bonding and protonation. The formation of the H-bonds
between SBR and alcohol provides a large part of the batho-
chromic shift of the SBR absorption from hexane to alcohol,
which is about 450 cmt. Besides the H-bond associated shift,
there is an additional small shift in the alcohol series, and the
absorption maxima in alcohols with longer hydrocarbon chains
are shifted to longer wavelengths. This could be a result of
decreasing dielectric constant (solvent polarity) or, more likely,
increasing refractive index (solvent polarizability). It is well-
known that polyene absorption moves to longer wavelengths
with an increase in the refractive ind&kThe total absorption ~ 100 500 600 700
shift is substantially smaller than the shift due to protonation,

which is~20 times larger (Figure 1a). An addition of a relatively Figure 3. Fluorescence spectra of SBR in tetradecane (1) and butanol

0,
small amount_(vlo %) of alcohol _to the hydrocar_b(_)r_l solvent (2), and the PSBR fluorescence spectrum in tetradecane (3). Part b
also resulted in complete formation of+$BR exhibiting the shows the same spectra normalized at the maximum.

corresponding absorption spectrum (an example with 25% of
butanol in hexane is shown in Figure 1b).

In contrast to the absorption spectra, the fluorescence spectrdhe fluorescence maximum is practically invariable500 nm,
show a very strong shift¢4000 cnT?) from hexane to methanol Figure 2b, Table 1). The HSBR emission intensity increases
(Figure 2, Figure 3, Table 1). The emission shift within the Wwith the size of the alcohol molecule and, correspondingly, with
alcohol series is in the opposite direction to the absorption shift, decreasing the alcohol polarity, as well as with decreasing
with a blue shift from methanol to decanol ofL000 cnt?. It polarity for solvent mixtures. In general, the spectral shape of
is noteworthy that the pronounced fluorescence shift within the the H-SBR fluorescence is closer to that of the PSBR
alcohol series is only observed in the case of the shortest alcoholfluorescence than to the SBR fluorescence spectrum (Figure 3b).
molecules, methanol and ethanol, while in longer-chain alcohols However, the quantum vyield of the+8BR fluorescence is

3

Intensity, 10” cps

Vhyax

Wavelength, nm
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0 300 600 900 has been observed (Figure 4, Table 1). The increase of the

wf ‘a 5 fluorescence quantum yield is approximately proportional to the

lifetime increase for all alcohols except methanol, and the
radiative lifetime is thus almost constant for long alcohols (Table
1). Only in the case of the most polar solvents, methanol and
ethanol, are higher radiative rates calculated. The SBR radiative
rate in long alcohols is about 2 times higher than in hexane.
However, these radiative rates are still more than 2 orders of
magnitude lower than the radiative rates calculated from the
SBR absorption spectrum with the StrickldBerg equation
(Table 1). This means that the polyene two-level model of the
lowest excited staté%is also applicable to HSBR. In this
model the $state has the #symmetry and the dipole transition

o8| 3 between the Sand the ground 4 state is forbidden and,
i ] accordingly, very weak. The close-lying; $tate has B
« 06F 3 symmetry and it is responsible for the absorption. Thet&te
55 ‘ ) 3 ] can provide a radiative rate of aboufH0?, as calculated from
04 1 ] the most intense absorption band (Figure 1, Table 1).
: ] Considering the excited state order in SBR, it is noteworthy
02 E to mention that the decrease of the,id8ate energy in PSBR,

corresponding to the large bathochromic shift of its absorption,
can essentially change the state ordering. In PSBR thethi:

can be even lower than the gAtate or, most likely, the states

] o ) are very strongly mixed and cannot be clearly distinguished.
223}1’;3{ eﬁnggf%iganlgF%t&ianfl ﬁsﬁahnmahfaﬁtta%|a'§.?2%'2c§1’o|AS a result, for PSBR the ratio of the radiative rates, determined
in order of, increasiﬁg Iifetimej. Panbéhows the éBR kineti‘cs in butanol ’fr_om Its al_JSO_I’ptIOI_‘l Sp.e‘:‘.r”m and expenmental fluqrescence
+ acetonitrile mixture (1), in pure butanol (2), and in butasdiexane yield and lifetime, is still different, but the difference is much
mixture (3). lower as compared to SBR (Table 1). On the other hand,
hydrogen bonding produces just a small shift of the absorption
spectrum (1B state) and the lowest excited state ordering should
be close to that of SBR in aprotic solvents, at least in the ground

00 [ ; I R S A . \ -
0 300 600 900

Time, ps

higher than the quantum yields of the PSBR and SBR
fluorescence in aprotic solvents (Figure 3a, Table 1).
Examples of kinetic traces of the+8BR fluorescence in

. = - . state conformation.
different alcohols, as well as in mixtures of alcohols with aprotic . I
solvents, are shown in Figure 4. Fitting of the fluorescence 1he logarithm of the HSBR fluorescence lifetime can be

kinetics indicates that the decays contain a single dominantSatisfactorily fitted by a linear dependence on the solvent
component with duration from 20 to 200 ps (Table 1). For some di€lectric constant. But the best simple fit is provided by the
solvents the second weak componen8g6) can be observed  Shifted” equationk(e) = ko + A exp(a €), wherek(e) is the
in the nanosecond scale 2 ns lifetime), although it is  decay rate and anda are the fitting parameters (Figure 5).
negligible for the most polar alcohols. The relative amplitude SmceT the solvent d|eleptr|c constant is a measure of the solvent
of this nanosecond component decreases with increasing emisPolarity, we shall consider the influence of the environmental
sion wavelength and it can be attributed to impurities. The Polarity on the lifetime. The almost constant radiative rate
presence of an impurity tail is common in kinetics of weakly calculat_ed for most of alcphols indicates that increasing polarity
emitting compounds and the very low relative weight indicates _results_ in the_ substantial increase of the nonradiative dec_ay and
the high purity of the samples studied. For the main picosecondiust slightly influence the radiative rate. The + A value is
components, no dependence on emission wavelength is foundVery close to the radiative rate of+&BR in solvents with low
For the long-chain alcohols (from heptanol to decanol) the decay Polarity, where expfe) ~ 1. Such a system could be prepared
can be better described by two- and three-exponential curvesds @ mixture of alcohols with hydrocarbon solvents. In the
with slightly different lifetimes and comparable weights. The Solvents with a small (down to 10%) volume of long-chain
ratio of the longest lifetime to the shortest one is below 2 in a @lcohol the emission lifetime is 26220 ps (results for a
three-component model and even smaller in the two-componentMixture with 25 vol % of butanol are shown in Figure 4b and
approximation. As a result, the accuracy of a multicomponent Table 1). In these low-polar mixtures the highest value for the
fit is just slightly better than that of a one-exponential ap- quor_escence quantum yield, as well as the emission spectrum
proximation. Due to a small lifetime difference we cannot clearly Maximum at the shortest wavelength, are found. On the other
distinguish between the monoexponential model and two- or hand, an addition of a very polar aprotic solvent, such as
three-component models or even a narrow lifetime distribution. acetonitrile, to an intermediate polar alcohol (butanol) essentially
The nonexponential decay in these solvents can be a result ofdecreases the SBR fluorescence lifetime, as well as the
dynamic structural inhomogeneity of the local solvent environ- fluorescence quantum yield (Figure 4b). In the mixture contain-
ment arising from the higher solvent viscosity. Table 1 contains iNg @ large amount of acetonitrile the fluorescence lifetime is
the fluorescence lifetimes calculated for the set of alcohols in the same or even shorter than in pure methanol. This is likely
the one-exponential model. related to the high polaritye(= 37) of acetonitrile, resulting in

As was observed earli@t, the excited state lifetime of  the high polarity of the mixture (Table 1).
unprotonated SBR is insensitive to solvent properties for the  The fluorescence decay is not sensitive to the solvent
case of aprotic solvents. It is almost constant in hexane, toluene viscosity. For example, in the alcohehlkane mixtures men-
highly polar acetonitrile, and viscous paraffin oil. But for tioned above, there is no detectable lifetime difference upon
alcohols a pronounced lifetime dependence on the alcohol lengthreplacement of hexane by tetradecane or paraffin oil. Thus, we
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Figure 5. Dependence of the fluorescence decay Hatéor SBR in
alcohols GH2n+1OH on the solvent dielectric constart, Part b 267
illustrates the dependence on a shifted logarithmic scale. The solid lines
show the following fit: k = ko + A exp(ae), whereky, = 4.5 x10° s74,
A=442x 108s%, a = 0.142.

may conclude that the environment polarity is the dominant
factor influencing the fluorescence lifetime in H-bonded SBR.
Other individual properties of solvents, including the solvent
viscosity, do not noticeably affect the kinetics wher-8BR

has been formed.

Semiempirical calculations (AM1 and PM3 methods, Hy-
perChem version 4.0, HyperCube, Inc.) have been applied to
test the interaction of SBR with alcohols. The systems containing
a SBR molecule and several alcohol molecules near the SBR . , ;
N atom have been optimized in the ground state. Formation of 10 12 14 16 1.8
only one hydrogen bond between the alcohol and SBR H-N distance, A

molecules has been found. After the optimization, the ground- rigre 7. Potential surfaces for the ground (b) state and the relative
and excited-state energies can be calculated (PM3, configurationenergy of the excited state (a) for the SBRethanol complexes with
interaction, 99 single excited conformations were used) for the different numbers of alcohol molecules. PSBR denotes the
different intermediate positions of the proton between the alcohol protonated-like form (the proton is near the nitrogen atom}SBR

O atom and the SBR N atom (Figure 6, Figure 7). The H-bond is the hydrogen-bonded complex (the proton is closer to the oxygen
strength is found to be practically the same for different alcohols a°m)- Calculated with the PM3 method.

for the case of one alcohol molecule in the system. The potential and 1B, states was not substantially changed. Thus, an increase
surfaces for the proton transfer (Figure 7b) indicates that the of the number of alcohol molecules near the H-bonded alcohol
ground-state proton replacement from the alcohol oxygen to themolecule was applied to simulate an increase of the local
SBR nitrogen is not possible, because the ground state the formenvironment polarity. The rise of the number of methanol
with a proton near the N atom (the protonated-like form, Figure molecules resulted in an increase of the Nl hydrogen bond
6B) has much higher energy than the “normal-8BR (Figure strength. Formation of external alcok@llcohol hydrogen bonds
6A). However, upon increasing the number of methanol also makes the ©H bond in the N-H—O line weaker.
molecules near the SBR N atom, the possibility of the proton  Thus, the N-H distance decreases, corresponding to the
transfer in the ground state increases (Figure 7b). A different motion of the equilibrium conformation on the potential surface
picture is found for the Blike excited state (Figure 7a). As toward the protonated-like form (Figure 7b). For the small
follows from the potential surface, the proton can more easily number of alcohol molecules that correspond to ambient
be displaced from the alcohol oxygen to the SBR N atom due polarities of the environment, the absorption transition energy
to lowering the relative energy of the excited-state protonated- is just slightly sensitive to the polarity. However, the barrier
like form. The probability of the excited-state proton transfer for the ground-state proton transfer is decreasing with the
also increases with the number of alcohol molecules, mainly polarity increase. The barrier lowering can likely be observed
due to the decrease of the protonated-like form energy in the in formation of small concentration PSBR in a case of methanol
ground state, while the transition energy between the ground solutions. Because of the lower energy of the protonated-like
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form in the excited 1B state, the probability of the proton entire spectrum. Consequently, the total emission specijn

transfer can be much higher in this excited state. will be equal to the integral of the kinetics
The shown semiempirical results should not be considered
as complete for the excited state, because in the case 8BR S = kiplal( 2) + kgpzoz( 2) 4)

the polyene system has an additiongtlike S; state, which
cannot be determined from the semiempirical model used.
However, the results of semiempirical calculations can help to
understand the excited-state evolution of SBR in its interaction ! . .
the average population of the levels. And, as the final point,

with an alcohol molecule. The SBR excited state, pBovides because the area under specifd) is equal to unity, the total

an electron density displacement toward the nitrogen atom and. tensity of emission. beina the total ber of emitted phot
this additional negative charge must result in a stronger attraction! NSty or émission, being the total number of emitted photons,

between the SBR nitrogen and an external proton. This processIS described by the value
results in the substantial red shift of the SBR absorption upon

protonation. Consequently, the 1Btate has a much higher F=KP, + kP, (5)
possibility to link a proton, and the proton can move toward

the nitrogen. The polar environment influences this process by  Because the second state (we will use it as the PSBR form)
increasing the dipole moment of the polyene chain, because itis substantially higher than the first one and ecka,> ki..

can induce an additional charge displacement in the ground andalso, since only the nonprotonated form can be present in
excited states. Correspondingly, the ground state bond betweersolution in the ground state, this form can be excited. Together
the nitrogen atom and the alcohol proton will be stronger and with the previous condition this meafs < N;. We can also

the protonated-like form will more easily be formed. On the consider two further possible simplifications. In the case of a
other side of the H-bonded complexes, the polar environmentvery fast quenching on level 2, we hake> ki, ko > ki, the

will decrease K, of the alcohol residue because of neutralizing N, population is very low, and it is proportional to thé
(screening) of the negative charge of the alcohol oxygen by population. The original linear system (1) is then be simplified
the polar environment. One such effect is observed as the aboveto the following form:

mentioned formation of H-bonds between an alcohol molecule,

whereP; andP; are the integrals of thH; andN, populations.
In a steady-state experiment they are always proportional to

having a proton linked to SBR, and another situated nearby N, = yNy; y = kJ/K,
alcohol molecule. Due to the screening effect, the H-bonded
alcohol molecule can lose its proton more easily in a polar dN/dt = — (K, + kip)N, (6A)

environment. This second way of increasing the SipRoton
interaction is probably more important than the induced dipole
moment in SBR molecule.
As demonstrated by the semiempirical calculations, there is
a possibility of excited-state proton transfer and transformation
of the H-bonded SBR to the protonated-like form. Because the
PSBR $ state has a much shorter lifetime, we can suggest that
the proton transfer may be responsible for the quenching of the N, = VN, — kJK
H—SBR fluorescence with polarity increase. For a more b= VNG v = kigdky
quantitative description let us consider the dynamics of the dN Kk
1 _(kl 2 12)Nl

Another simplification occurs if the levels can quickly transform
into each other; this means that the transition between the levels
is faster than their internal decag; > k, andki, > k;. In this

case (the case of thermodynamic equilibrium) one can get a
similar linear system with slightly different coefficients:

system with two species in the excited state or two excited
levels. dt
A system of kinetic equations for two excited states can be
written as Since systems (6A) and (6B) have only one linear differential
equation, both levels exhibit a monoexponential decay with the
dN/dt = —kyN; — k;oN; + KN, total durationr = 1/(k; + ykz), wherey = kio/k, (case A) ory
AN/t = kN, — KN, — koo, ) (3)k§:?#;22$053n){e§utt(;stltutlng witlh andy, the total kinetics

E (6B)

whereN; and N, are the level populationgk; andk; are the
deactivation rates of the levels (here they are transitions to the
ground state), ankh, andk;; are the rates of transitions between
these two levels. IEx» = E, — E; is the energy difference  and the total emission spectrum (4) and the emission integral

1(2.0) = Ny(t){ Kjo(2) + ykso,(4)} ()

between two levels of the same multiplicity (5) are described by
ki = Ky; eXp(—Ey/kgT) ) 1) =P Ko, () + ykEo,(A)} = N,O)r{ Ky (A) +
The time-dependent emission spectrifht), which is the ykso(1)} (8)
spectral density of the emitted photon rate, can be represented
as the following sum: F =Pk + vk} =N, (0)r{ki + yK3} 9)
[(4,1) = Ny(t)Kio,(2) + Ny(t)K50,(4) (3) In eqs 8 and 9, we use; = N;(0)z, because the integral for

any exponential curve is equal to the product of the starting
where is the wavelengtht is the time,k’ are the radiative intensity with lifetime.
rates of two levels, andi(1) are the spectral shapes of the The value®; = F/N;(0) gives the emission quantum yield,
emission from each level, normalized for the integral of the becauseN;(0) is equal to the number of absorbed photons.
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Consequently, the ratio of the quantum yield and lifetime
ke =K + 7K5 (10)

represents the effective radiative rate of the system.
Equation 7 indicates that for a very fast decay from level 2
or for thermodynamic equilibrium the emission kinetics cannot
depend on the detection wavelength. This is in agreement wit
our experimental observations. While the “internal” coefficients
for both forms 1 and 2k and k;) do not depend on the
environment, the transition ratg, (or the corresponding;/
ko1 ratio) does, and it is the only variable parameter. The
nondependence ok; and k; on the environment should

correspond in our case to the nondependence of the SBR an

protonated-like SBR lifetime on environment. Consequently, the
nonradiative decay in HSBR,k = 1/r, depends on environment
becausek;, depends on the environment.

The transformation ratie, can vary with the potential barrier
height and width, as well as with the energy dgap between
two forms. ko1 is the rate of the reverse transformation, which
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effect, as well as to the presence of emission of the protonated-
like form. In sufficiently polar solvents all molecules will decay
through the excited state of the protonated-like form and will
show a fluorescence spectrum consisting of the total PSBR
fluorescence and the additional H-bonded form fluorescence,
as follows from eq 8. If the relative weight of the protonated-

h, like form emission is significant, as in the methanol case, this

can induce a bathochromic shift. At very low polarities the
relative weight of the protonated-like form is smaller because
of the longer lifetime of the H-bonded form emission. Thus,
because the emission intensity almost completehB(%o)

originates from the H-bonded form in low polar alcohols (from

Cputanol and longer-chain alcohols), we do not observe a

noticeable variation of the position of the emission maximum.
Furthermore, the radiative rate is also found to be almost
constant for these alcohols.

As can be seen from Table 1, the43BR emission exhibits
slightly higher radiative rates than the SBR emission in aprotic
solvent. This is most likely a result of the smaller 2ALB,

depends mainly on the barrier height and width but does not €N€rgy gap and a stronger mixing between the states. Another
depend on the energy difference (some dependence on th&ause of the radiative rate increase could be the influence of
energy difference could be presentkn, but it is negligible the proton as a charged partlple, which poyld decrease the SBR
compared with the exponential function). For levels with molecu_le symm_etry. The e_st|ma§ed radiative rate of the proto-
different dipole moments or other polarity-dependent properties, nated-like form is substantially higher than that of the nonpro-
the energy gafE>; should depend on the environment polarity. tonated form and it is equal to, or slightly lower than, the
The dielectric constant is the parameter that describes the normal” PSBR radiative rate. o .
screening of the external field by the medium, and this means N the model considered, the description with thermodynamic
that the interaction energy of two charges decreases with equilibrium between_ H_-bonded and protonat_ed-llke forms seems
increasinge. to be thg most realistic. Suc_h a small particle as a proton can
Thus, we can suppose that the energy §apcontains a move Wlt.h rates correspondlng to the “nprmal” frequency of a
component which is linear with the dielectric consteyi,; = stretch V|brat|on._Th|s gives a chara_ctens'qc rate-&f x 102
Eo + Le, wheree is the dielectric constant, ands a coefficient. S for ki, and this value is substantially higher thar(<10'
Then, we haveki, = ko1 exp{—(Eo + Le)/ksT} = ko1 exp(— sTl 23, We consider two cases to show that the possible
Eo/ksT) exp(—Le/ksT). Taking the decay rate in (6A) or (6B) differences are not important within the model.
one getk = ky + A exp (—Le/ksT), whereA = kp1 exp(—Eq/ The excited-state proton transfer must also influence the
kBT) orA= k2 exp(—EO/kBT)_ These equa’[ions are equiva]ent excited-state SBR isomerization. It has been shown that while
to the fitting function in Figure 5 withk; ko, and the the yields of transcis photoisomerization are very low for
coefficienta. = —L/ksT. ko = kq is the internal decay rate on  honprotonated SBR in aprotic solvents, the SBR exhibits high
level 1, which is taken as the H-bonded SBR. The decay rate Yields in protonated form in all solvent studied, as well as in

of the excited H-SBR in a nonpolar environment is then equal unprotonated form in alcohot-3! Thus, the excited-state
to ~(ko + A) (~5 x 1(° s°* from the data in Figure 5). protonation can explain the similarity between the photoisomer-

As follows from eq 9’ the fluorescence quantum y|e|d ization of protonated and H-bonded forms of SBR, since 'Ehe S
increases together with the lifetime increase. However, the state of both forms appear to decay as the PSBBtae.

effective radiative rate remains constant ukfik< yk (eq 10) )
and becomes larger only at very fast quenching rates, corre-Conclusion

sponding to larger values ¢f Such an increase is observed in - The fiyorescence investigation of+EBR indicates that this
methano'l and et.hanol. S]nce the radlfa\tlve rate in methanol IS form of the SBR molecule has specific photophysical properties,
about twice as higher as in solvents with very low polarity, we \yhich are different from the properties of SBR in aprotic
can accept that in this cakg= yk;. While the protonated-like  splvents, as well as from that of PSBR—SBR shows an
form cannot be considered as having exactly the same propertiesinternal” possibility to have a relatively long-lived; State.

as ordinary PSBR in solvents, it should be similar. Accepting However, the presence of the close-lying proton and an increase
ki andk; as parameters for HSBR in solvents with very low  of the SBR proton-binding ability in the excited-state stimulate
polarity, yk; = ki — ki andyk, = k — ki, which represents the  the H-SBR S state decay due to the excited-state proton
weights of the protonated-like form in the decay rate and in the transfer from the alcohol to SBR. Excluding the most polar
fluorescence quantum yield. The parameters allow us to media, H-SBR shows a fluorescence quantum yield, being
determine the emission quantum yield for the protonated-like higher than the quantum yields of SBR and PSBR. The&sBR
form within the total system® = ki/k, = yk3/yk,. Thus,®; S state lifetime is also longer than that of SBR and much longer
~ 10~4in methanol. This value is between the SBR and PSBR than the PSBR Slifetime.

quantum yield in aprotic solvents and is not very different from  The strong influence of the environment polarity indicates

them (Table 1). Ay value from 0.05 to 0.1 in methanol and
the corresponding values & = (5—10) x 10’ s ! andk, =
(5—10) x 10 s71 seem to be applicable for this system.

that specific electric fields efficiently influence the photophysics
and photochemistry of the SBR molecule with an extra proton.
This makes it likely that specific environmental fields in proteins

The observed shift of the fluorescence spectrum to longer can affect the HSBR photochemistry more strongly than the
wavelengths (Figure 2) can be ascribed to the solvent polarity randomly distributed solvent molecules. Further experimental
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c_ontroll_lng the explteql state protonation. Addmona}l theoretical (15) Alfano. R. R.. Govinjee, R.. Becker. B.. Ebrey. T. Biophys. J.

simulations in this direction can also show the influence of 1976 16, 541.

specific external conditions on the probability of excited-state  (16) Mathies, R. A.; Lin, S. W.; Ames, J. B.; Pollard, W.Annu. Re.

proton transfer in HSBR and on the following evolution of ~ Biophys. Biophys. Cheri991, 20, 491.
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Y. Chem. Phys. Lett1993 211, 559.
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