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Solvent Dependence of Electronic Relaxation in All-trans Retinal Studied by One- and
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One- and two-photon excited ultrafast transient absorption measurements are reported for all-trans retinal in
polar, nonpolar, and hydrogen-bonding solvents. A comparison of the response following one- and two-
photon excitation allows assignment of the observed decays tBthdike and'A4 -like excited states. In

the polar, hydrogen-bonding solvent ethanol, the transient absorption changes following one-photon excitation
are dominated by a 2-ps response observed both in the decay of transient absorption and in the decay of
stimulated emission observed in the region from 600 to 750 nm. Because of the strong stimulated emission
gain, this response can be assigned to decay of the strongly optically alléBigd State. With two-photon
excitation of all-trans retinal in ethanol, a 26800 fs decay component appears as well and is assigned to
decay of the *Ay ™" state, which has a large two-photon cross section. In contrast, for all-trans retinal in
hexane, both 200300 fs and 2-ps decay components are observed following one-photon excitation, and no
stimulated emission is detected. A comparison of one- and two-photon induced transient absorption leads to
an assignment of the decay events. The ultrafast responses of all-trans retinal in the polar, aprotic solvents
acetonitrile and propionitrile are found to be similar to the response in ethanol, indicating that protic solvents
act through solvent polarity rather than a specific effect of hydrogen bonding. The effect of hydrogen bonding
was studied further for all-trans retinal in mixed solvents with varying concentrations of trifluoroacetic acid,

a strong hydrogen-bond donor, in hexane. As the ratio of trifluoroacetic acid to retinal increased from 1:5 to
10:1, the ultrafast response changed smoothly from “hexane-like” to “ethanol-like”, with an increasingly
strong stimulated emission component having a 2-ps decay, in agreement with the increased fluorescence
quantum yield observed in polar and hydrogen-bonding solvents. A model is proposed incorporating two
populations of retinal having different electronic relaxation pathways to explain the solvent-dependent

photophysics of all-trans retinal.

Introduction M
The photophysics of retinal has been a subject of long- X0

standing interest, both because of its role in photoactive proteins

such as bacteriorhodopsin and because of its fundamental

photophysicd:3 Because several relaxation channels, including Figure 1. Structure of all-trans retinal.

internal conversion (IC), intersystem crossing (ISC), vibrational

relaxation, and photoisomerization, compete over the time scale The ultrafast response in all-trans retinal (ATR, Figure 1)
from tens of femtoseconds to tens of picoseconds, the fate ofinvolves three excited singlet states that lie close together in
electronic excitation is decided within a few picoseconds or less. €nergy: twoxs* states and onéwr*state. Thesr* states in
Recent results from several laboratofiéd have begun to  retinal are labeled by th€: group symmetry labels'B,*"
unravel the ultrafast events in relaxation of retinals. However, and ““Ag™", which recognize that the electronic structures of
a consensus has not yet been reached on the identity of thethese states correlate with those of the corresponding all-trans
relaxation steps of all-trans retinal. In our laboratory, we have polyene. (The quotation marks indicate that @ symmetry
studied ultrafast relaxation of retinal in both polar and nonpolar labels, which denote the character of the excited state, are only
solvents, and we have compared the relaxation processefpproximate for retinal.) A central issue in understanding the
following transient absorption induced by one-photon excitation photophysics of retinal has been the ordering of the singlet
(OPE) and two-photon excitation (TPE)Differences were excited electronic states of retinal. Of the three close-lying
observed in the initial ultrafast relaxation events as a result of excited singlet statedr¢z*, “*Aq™", and “'B,*”), the optically
different selection rules for OPE and TPE, which launch the allowed “B,"™" state has the highest enertfyOne-photon
excited-state relaxation from different excited states. These absorption therefore excites predominantly (but not exclu-
differences between one- and two-photon excited transientsively!?) the $ (“!B,™") state. The *Ay™" state was found to
absorption have allowed us to sort out contributions from lie some 2400 cm! below the “B,*" state!?> However, the
different excited states to the observed transient signals. relative ordering of the two lower-energy excited statéag*”
andnz*, has been has more difficult to determine. In nonpolar
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fluorescence quantum yield of ATR in nonpolar solvents, which the ultrafast response changes smoothly from a response
was taken as evidence for the* character of $* The higher characteristic of the nonpolar solvent hexane to one characteristic
fluorescence quantum yield and lower ISC yield of ATR in polar of the polar solvents ethanol and acetonitrile, with an increas-
solvents were correspondingly thought to indicate a solvent- ingly strong stimulated emission component having a 2-ps
induced inversion of the ordering of the* and “!Ay™" states!® decay. No evidence is found that a new decay channel involving
However, recent results have called this conclusion into ques- proton transfer, for example, is introduced by hydrogen bonding.
tion.10

In a previous study of ATR in ethanol excited at 400 nm, we Methods
detected two ultrafast relaxation eveh8.A 2-ps decay was Steady-state absorption spectra were measured with a Cary
observed both in transient absorption and in stimulated emission.50 spectrophotometer. Transient absorption measurements were
The observation of stimulated-emission gain shows that the statecarried out with a femtosecond Fsapphire laser system.
undergoing relaxation is strongly optically allowed. Accordingly, Further details are available in a previous publicafighiTR
this state can be identified as thkB{"" state. This assignment  was excited at either 400 (for one-photon excitation) or 800
is supported by semiempirical calculations and experimental nm (for two-photon excitation) with pump pulses of 150 fs at
measurements of théB, ™" oscillator strength for ATR in the a 1-kHz repetition rate. The pump power was typically-20
polar solvent EPAZ In contrast to the transients induced by mW at 400 nm or 56200 mW at 800 nm, focused to a spot
one-photon excitation, two-photon excitation at 800 nm revealed size of ~1 mm (larger for two-photon excitation). Optical
a faster decay of 300 fsFurthermore, no stimulated emission densities at 400 nm were around 1. Probe pulses were selected
was observed following TPE. Because TPE excites predomi- from a continuum with an interference filter centered at the
nantly the *A4™" state{? we assigned the 300-fs component to desired wavelength. Pump and probe pulse polarizations were
relaxation of the *A,~" state. Transient absorption measure- set to the magic angle to eliminate orientational effects. Transient
ments were also reported recently for ATR in 1-butanol and in absorption measurements were obtained in the small-signal limit
1-butanol/hexane mixed solvents by Yamaguchi and Hamagu-as
chil® These workers also observed stimulated emission gain | —1 | —1
with a decay time of 1.9 ps. However, they assigned this AA = —( 0) ( 0) (1)
component to relaxation of théA, " state, and they assigned pump lo /o pump
a 700-fs decay component to ths;;*" state. This assignment  \ herel is the signal intensity, anth is the reference intensity
is contingent upon an assumption that the oscillator stren_gth of gt equal td in the absence of a pump pulses. The second term,
the **Ag™" state is larger than that of the'B,*" state. This  \yhich is nominally zero, was included to correct for any drift
assumption is not in ag_reem_e_nt with previous Spectroscopic petween probe and reference channels. Samples were flowed
measurements and semiempirical calculatigns. through a flow cell with path length of 1 mm for one-photon

Recent ultrafast transient absorption measurements haveexcitation and 2 mm for two-photon excitation.
occasioned a reconsideration of the solvent dependence of the
excited-state level orderin§:1! The temperature dependence Results and Discussion
of the decay of the'B,™” state was followed down to 80 K. ;
From the dgcay time ouf theB,+ state and its estimated radiative One-Photon and '_I'wo-Photor] Induced Tr_a nsient Absorp-
o A tion of All-trans Retinal. Transient absorption scans of ATR
lifetime, the fluorescence quantum yield was calculdtethe in hexane and ethanol excited at 400 nm are shown in Figure
values, both at room temperature and at 80 K, were found 10 5 (geyeral of these transient absorption scans were reported
agree closely with the corresponding measured fluorescenceyeyiousiy and are included here for completeness.) Decay
quantum yields, showing that emission from tH&,*" state times and amplitudes obtained by fitting to these decays are
accounts for the observed fluorescence yield, and that a weaklyiapyated in Table 1. Clear differences are observable between
fluorescent lowest-lying*A¢™" state is not required to explain  the relaxation components in the two solvents. In hexane, a fast
the observed fluorescence quantum yield, as had previously beerblecay of 300 fs or less dominates the response at longer
thought. Second, we found that the ISC time in a polar solvent wavelengths. In contrast, in ethanol over the first 10 ps, we
(ethanal) is as fast as the ISC time in the nonpolar solvent oynq a single time constant of £&.1 ps at all wavelengths
hexané, suggesting a similar,§nz*) — Ty(*z7r*) mechanism probed. This~2-ps response also appears in stimulated emission
of ISC in both solvents. Although we had previously accepted at 650-750 nm in ethanol. The initial rise in the transient
the prevailing idea that the level ordering is solvent dependent absorption in some scans (for example at7@80 nm) is a
with a lowest lying'nz* state in nonpolar solvents and a lowest  power-dependent artifact. Similar artifacts have been identified
lying “!Ag™" state in polar solvent$ these results suggested previously® and attributed to phase modulation of the probe
that the lowest lying excited singlet state retaing character, pulse by the pump pulse.
even in hydrogen-bonding solverits. To identify the contributions of the!B,™ and “*A,™" states

In the present paper, we address the question of whether thereo the transient signals, we also carried out two-photon induced
exists a specific effect of hydrogen bonding, or whether the transient absorption measurements. Results are shown in Figure
differences that have been observed between electronic relax-3, and fitted decay times and amplitudes are given in Table 2.
ation of ATR in alkanes and alcohols are a result of solvent (Some of these results were also reported previd)$gcause
polarity. We compare the ultrafast relaxation events for ATR of the higher pulse intensities used for two-photon excitation,
in the nonpolar solvent hexane, the hydrogen-bonding solventwe checked for nonresonant, nonlinear contributions induced
ethanol, and in the aprotic polar solvents acetonitrile and by the 800-nm pump beam by comparing the response with
propionitrile. We also report experiments for ATR in binary and without ATR. Such contributions were absent at probe
mixed solvents consisting of hexane with a small mole fraction wavelengths of 600 nm or shorter but were observed at probe
of a hydrogen-bonding cosolvent (trifluoroacetic acid) to wavelengths of 650 nm or longer. The observed response at
investigate the possibility of specific hydrogen-bonding effects. shorter wavelengths can therefore be attributed to resonant
We find that as the amount of trifluoroacetic acid is increased, processes.

lo
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TABLE 1: Fitting Parameters for One-Photon Transient

— A»J/\\ 750 nm Absorption Data of All-trans Retinal in Hexane and
- ey e Ethanol?
B A probe
§ 700 nm (nm) 71 (fs) amp. 72 (pS) amp. z3(ps) amp.
o F all-trans retinal in hexane
o | _/\‘ 650 nm 380 340 —0.81 3.0 0.06 4%15 0.13
g | 450 300 (fixed) 045 1.802 015 29-6 —0.4
S [ JKN 600 nm 500 300 (fixed) 072 1.80.3 023 311 —0.05
8 550 300 (fixed) 075 1.40.5 0.19 241  0.06
8 i 600 250+ 70 0.84 1.3:05 0.12 29+16 0.04
s [ _/\_,_‘“_w 650 260+160  0.84 32:27 011 21 0.05
é’ B 700 240+ 14 0.97 28 0.03
— ’/\‘\ 500 nm 750 190+160 1.0
i all-trans retinal in ethanol
B 380 0.60£0.30 —0.50 2.2+2.0 0.29 47+8 0.21
i /\*—f’m 450 1.9+0.1 091 257 -—0.09
— C L L L, L 500 21 091 327 -0.09
550 1.2+ 0.2 096 21+7 —0.04
0 2 4 8 600 0.21+0.11 0.93 25 —0.07
Time (ps) 650 1.8+ 0.2 1.0
700 1.8+0.1 1.0
750 1.9+0.1 1.0

aErrors are based on a calculation of the standard deviation of a
series of measurements, except for 380 nm in which only a single
measurement was obtained. The amplitude columns give the relative
amplitudes of the decay components, normalized so that the sum of

o 650 nm the amplitudes at a particular probe wavelength is 1.
g ; W
(&) -
c — Lo,
@ v [+3]
g r & r
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Figure 2. One-photon induced transient absorption scans of ATR in
(A) hexane and (B) ethanol. Excitation was at 400 nm. The smooth
solid lines show fits to the data. Scans have been normalized. B

The two-photon induced transient signals differ in several
important and revealing respects from the corresponding one-
photon induced responses in Figure 2. For ATR in ethanol, a
fast subpicosecond component becomes apparent in the TPE
induced transient absorption, while the 4 ps component that
is so prominent in the one-photon excited spectra is reduced in
amplitude. Notably, the stimulated emission gain is absent with
TPE. For ATR in hexane, the-12 ps component is discernible
only at 500 and 550 nm in the TPE induced transient absorption |
spectra, in contrast to the OPE induced transient absorption 0 2 4 6 8 10
spectra, where the-12 ps component was found throughout
the region from 450 to 650 nm. Thus, for ATR in both hexane
and in ethanol, the fast response (300 fs) is more dominant wit
TPE, while the slower (22 ps) component is favored by OPE.

We have constructed transient absorption spectra from single-
wavelength measurements at 50-nm intervals from 450 to 750features corroborate our previous single-wavelength time §cans.
nm. Spectra for ATR in hexane with one- and two-photon In the two-photon induced transient absorption spectra of ATR
excitation are shown in Figure 4. The one-photon spectra of in hexane, the decay of the transient absorption is more rapid
ATR in hexane show a strong initial transient absorbance overall, consistent with the increased weight of the fast 200
peaking at 550 nm that decays and narrows within the first 300 fs) decay component. The comparison of OPE and TPE
picosecond. This absorption decays further in a few picosecondsinduced transient absorption spectra in hexane over the first few
as the T — T, absorbance begins to grow in at 450 nm. These picoseconds (Figure 4) shows that ATR requires at least several

Absorbance Change
T
[¢;]
w
o
3
A[

Time (ps)

h Figure 3. Two-photon induced transient absorption scans of ATR in
(A) hexane and (B) ethanol. Excitation was at 800 nm. The smooth
solid lines show fits to the data. Scans have been normalized.
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TABLE 2: Fitting Parameters for Two-photon Transient

Absorption Data of All-trans Retinal in Hexane and
Ethanol?

A probe o
(nm) 71 (fs) amp.  72(ps) amp. t3(ps) amp. =
all-trans retinal in hexane 2
450 190+ 160 0.85 2866 —0.15 %
500 300 (fixed) 0.22 0.810 0.78 3!
550 300 (fixed) 0.75 1.20.7 0.25 small 8
600 180+30 0.94 18 —0.06 5
172}
all-trans retinal in ethanol g

500 300 0.81 1.8(fixed) 0.19 small

550 300+ 230 0.72 1.8 (fixed) 0.28 small
600 160+ 100 0.69 1.8 (fixed) 0.06 3%14 -0.25

aErrors are based on a calculation of the standard deviation of a
series of measurements. At+" sign designates a decay in the
absorption, and a—” sign designates a rise in absorption. “Small”
means that a slow component was discernible in the data, but its
amplitude was too small to obtain a reliable time constant.

Absorbance Change

Absorbance Change

600 650 700 759 °

Wavelength (nm )

Figure 5. One- (A) and two-photon (B) induced transient absorption
spectra of ATR in ethanol. Spectra were constructed from single-
wavelength measurements at 50-nm intervals. The vertical axis is the
absorption change in units proportional to optical density. Excitation
was at 400 (A) or 800 nm (B).

smoothly over the first 8 ps. Stimulated emission gain appears
at 650-750 nm and then decays over the same time regime. In
contrast, the initial transient absorption in the two-photon
induced transient absorption spectrum decays over the fitat 1
ps. A slower decay is observable at 550 nm. As for ATR in
hexane, the one- and two-photon induced transient absorption
spectra of ATR in ethanol are consistent with an increased
weight of a subpicosecond decay component with two-photon
excitation. Another important difference between the one- and
two-photon induced transient absorption spectra is the presence
of stimulated emission at 65(/50 nm with one-photon
excitation but not with two-photon excitation. These two features
Wavelength (nm) provide important clues for the assignment of relaxation events.
. . . . Analysis and Assignment of Relaxation.We seek a
Figure 4. One- (A) and two-photon (B) induced transient absorption : . ;
spgectra of ATR(iI‘)l hexane.pSpectr; 3Nere constructed from sr;ngle- F:omprehenswg mterprete}tlon of the one- and two-phptqn
wavelength measurements at 50-nm intervals. The vertical axis is theinduced transient absorption results for ATR. Our analysis is
absorption change in units proportional to optical density. Excitation based on the fact that OPE excites predominantly (but not
was at 400 (A) or 800 nm (B). exclusively) the *B,*” state, whereas TPE preferentially excites
the “!Ay"statel? so TPE induced transient absorption reveals
picoseconds to relax to the same state after excitation by OPErelaxation events initiated in the'!A, " state. However, in
or TPE. comparing one- and two-photon induced transient absorption
Figure 5 shows one- and two-photon induced transient responses, it is important to remember that OPE and TPE do
absorption spectra of ATR in ethanol. In the one-photon induced not exclusively excite one state or the other. This is a
spectra, an initial transient absorption peak at 550 nm decaysconsequence of the mixing of th&B;,"” and “!1Ay ™" wz* states,

Absorbance Change
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which is expected to be enhanced by solvent polarity becausephotophysics of ATR in ethanol. In contrast to the response of
the “1B,*" state, which has a higher oscillator strength, would ATR in ethanol, no stimulated emission is detectable for ATR
be red-shifted more than théA,™" state!? Birge and co- in hexane. Furthermore, the OPE induced response in hexane
workers have estimated the extent of mixing betwets,*” contains a 206300 fs component as well as~&2-ps compo-
and “?Ay" states and have compared the results to calcula- nent, whereas the response of ATR in ethanol contains only a
tions12 The measurements were carried out for retinal in EPA 2-ps component over the first 10 ps. On a longer time scale,
(ethyl ether-isopentane-ethanol, 5:5:2) at 77 K. Birge and co-  transient absorption grows in at 450 nm with a time constant
workers conclude that the extent of mixing betwe#®,*” and of 29 + 6 ps. The appearance time for this absorption
“1A4 " states is at most 20%. They report an oscillator strength corresponds to ISC, and this component can be attributed to T
of 1.18 for the “B,™ < S transition, compared to 0.125 for < T, absorptiont
the “"Ag™" — S transition, a difference of nearly a factor of  Two-photon induced transient absorption signals were also
10. For TPE, they report a measured a two-photon cross sectionpptained for ATR in hexane. A comparison of the OPE and
for the “!Aq ™" state nearly 7 times larger than the two-photon TPE induced transient absorption scans for ATR in hexane
cross section of the'B,*” state. Thus, they conclude that the  shows that the 200300 fs component is more dominant with
“1By™" and "'Aq " states are legitimately characterized by the TPE. The 2-ps component, which was detected with amplitudes
By" and'Aq” states of linear polyenes, even in the polar EPA of 10-20% in OPE induced transient absorption at 45660
solvent'? nm, could only be detected at 500 and 550 nm in TPE induced
We consider first the ultrafast relaxation for ATR in ethanol. transient absorption scans (Figure 3). Similarly to ATR in
Similar considerations also apply to ATR in acetonitrile and ethanol, the stronger weighting of the fast (2@DO0 fs) response
propionitrile, where the response is similar (see below). The by TPE can be associated with relaxation of tha,"" state
transient absorption is dominated by a 2-ps response at allfor ATR in hexane. However, we must also account for the
wavelengths except 600 nm. This component can be assignedresence of a-300-fs component for OPE of ATR in hexane.
based on two observations. First, the 2-ps decay rate of Clearly this component would not be detected in the sequential
stimulated emission in the 65050 nm region associates the decay *B,"" — “!Ay™" — nz*, since the slower 2-ps decay of
2-ps component with a state having a large oscillator strength.the “1B,™ state would render the faster decay component
As discussed above, this identifies the source of the stimulatedundetectable. Thus we have argued previdughyat this
emission with the *B,™ state. We have argued previously that component results at least in part from initial excitation of the
the 2-ps lifetime of the B, state is sufficient to account for ~ “A4™" state by OPE at 400 nm via its weak but nonnegligible
the fluorescence quantum yield of retinal in ethanol and similar oscillator strengthf(~ 0.07?).
solvents'® Because the radiative lifetime of théB,*” state One factor in the difference between the relative contributions
was calculated from the absorption spectrum of ATR, it follows of the “1B,+” and “IA, " states to transient spectra of ATR in
that the stimulated emission originates in the state that dominateshexane and ethanol arises simply from solvent-induced shifts
the absorption band. This assignment is further supported by ajn the ground-state absorption spectra. Since both ¥Bg™
comparison of the OPE and TPE induced transient absorptiongng ‘A4~ states possess dipole momeHithese bathochromic
scans. In contrast to OPE induced transient absorption, whereshifts result from solvation by a polar solute. For ATR in
the 2-ps component dominates the response, in the TPE induce@thanol, the peak of the one-photon absorption spectrum is at
scans a faster component of 26800 fs also appears. As noted 385 nm. The peak of the two-photon excitation is expected to
above, TPE excites predominantly thé\g™ state in contrast e 2400 cm to lower energy, based on a comparison of one-

to OPE, which excites predominantly théB;*" state. The  and two-photon spectra for ATR in the polar solvent ERA
absence of stimulated emission upon TPE is further ewdencecomrast for ATR in a nonpolar solvent such as hexane, the

that the stimulated emission originates in th,*" state. Thus,  one-photon absorption spectrum is blue-shifted to 365 nm. It
the comparison of OPE and TPE induced spectra supports theseems reasonable to expect that the TPE spectrum is also blue-
assignment of the 2-ps component to the decay of t8g** shifted. Thus for OPE at 400 nm or TPE at 800 nm, we

state. The appearance of a 2@D0 fs component in TPE  anticipate a stronger overlap with th&B;*" state for ATR in
induced transients further suggests that this component bepolar solvents than in nonpolar solvents, and, conversely, a
assigned to the decay of théXy™" state. These results support  stronger overlap with the!A, ™ state in nonpolar solvents than
the assignments made previouSly. in polar solvents. These trends are consistent with a stronger

An interesting feature of the OPE induced transient responserelative contribution from the subpicosecond relaxation assigned
of ATR in ethanol is the fast appearance of stimulated emission to the /A" state in hexane than in ethanol by one-photon
gain at 700 and 750 nm. The emission is shifted to the red from excitation. Therefore, it is possible to attribute the two com-
an absorption band around 48050 nm. The time scale of this  ponents £300 fs and~2 ps) to parallel relaxation of!B,™
response appears to k00 fs, a value that is faster than the and “A4 " states.

initial solvation response of 290 fs that has been reported for However, the above exp|ana'[ion alone fails to exp|ain Why
ethanolt” This finding suggests that the most important the fluorescence quantum yield of ATR in hexane is much
contribution to the Stokes shift arises from intramolecular smaller than that for ATR in ethanol, since, as described above,
relaxation rather than from the solvation response of the solvent. 5 2-ps lifetime of the !B, " state is associated with a quantum
The large red-shift of the peak fluorescence wavelength relative yield of ~2 x 1074, irrespective of solvent. Another possibility

to the absorption band indicates a structural change in the exciteds that a subpopulation of ATR that relaxes #800 fs may
B,* state. Displacement of the excited-state potential surface, exist in hexane. The existence of distinct subpopulations of

which is expected to occur along=C stretching modeS]  retinal with different decay times of the'B,"" state was
would contribute a very fast intramolecular Stokes shift that is demonstrated for ATR in an alkane solvent (3_methy|pentane)
not resolvable in the present experiments. and in ethanol at low temperatur®sand these populations may

We consider next the ultrafast photophysics for ATR in persist at room temperature, with one population where the
hexane. The response differs in several respects from the“!B,™ relaxes in ca. 2 ps and another where an additional,
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Figure 6. Kinetic models for ultrafast relaxation of all-trans retinal. €T 550 nm
Scheme A assumes sequential relaxation witk 72 < 73. In Scheme & [ N
B, states $and S can be excited simultaneously and relax in parallel. < L
S; is excited preferentially by one-photon excitation, whereassS i ‘/\,\_‘_______‘500\%-
excited preferentially to two-photon excitation. In 8,= 2 ps andr, -
~ 300 fs. § may relax by internal conversion te Br directly to S. L 450 nm
In polar solvents, a subpopulation of ATR is favored whare= 2 ps -
andr, ~ 300 fs. In nonpolar solvents, however, a second population is IR IR N W N
favored with faster relaxation froms;SRelaxation back to & for 0 2 4 6 8
example by internal conversion from 8r decay of T, has been left Ti
out for simplicity. ime (ps)
faster, channel of relaxation of théB, " state opens up. The - B 750 nm
fraction of retinal in each of the populations appears to be — ‘—J\/’_‘—‘
sensitive to solvent polarity. A subpopulation of ATR in hexane [ 700 nm
with a faster decay of the!'B,*” state would explain the lower | .._/\//,,_,__.—-—A—-—-‘~
fluorescence quantum yield of ATR in hexane compared to more L
polar solvents. Because the fluorescence quantum yield of ATR & | 650 nm
in ethanol can be accounted for by emission from tHg,*” s =
state, a shorteB,™ lifetime in a subpopulation of ATR would g - 600 nm
lead to a decreased fluorescence quantum yield. The decay time § I~
for this fast relaxation is not resolved in our measurements from 2 | 550
. . . [ — nm
the subpicosecond component associated with decay of the 2 L
wl —n <L
Ay " state. . . . o - 500 nm
Models of Retinal Photophysics.Two possible kinetic B
models for the assignment of relaxation processes in ATR are — 450 nm
depicted in Figure 6. One vieW§1! (Figure 6A) assumes that N
the observed kinetics follow sequential relaxation in successively P A T E T BN
s_Iow_er steps frpm s¢ _1Bu+") - S (“'Ag™) — S (n¥). A 0 2 4 6 8
rise time associated with formation of the (§'A4™") state has Time (ps)

not been identified;® suggesting either that the 8§1B,™) —

S, (“YAg7") step is extremely fast and unresolved (as proposed
by Yamaguchi and Hamaghéhior that the sequential kinetic
scheme is incorrect. Within kinetic model A, Yamaguchi and
Hamaguchi assigned lifetimes of 30 fs to th8.™ state, 0.72

ps to the A4 " state, and 32 ps to ther* state for ATR in
hexané® For ATR in 1-butanol! a lifetime of 200 fs was
assigned to the'B, " state, a lifetime of 1.6 ps to the!Ay™”
state, and a lifetime of 22 ps to ther* state!* These
assignments encounter two principal difficulties. First, the

Figure 7. One-photon induced transient absorption scans of ATR in
(A) acetonitrile and (B) propionitrile. Excitation was at 400 nm. The
smooth solid lines show fits to the data. Scans have been normalized.

The increased weight of this fast component in TPE relative to
OPE-induced transient absorption can be understood as a result
of the 7-fold higher two-photon cross section of tha g~ state
relative to the *B," state. We think that model B is well
supported for ATR in ethanol because, in addition to the
evidence from the comparison of OPE and TPE, the 2-ps
detection of stimulated emission with a decay time~&f ps, component in the decay of stimulated emission identifies the
both for ATR in ethandl and for ATR in 1-butand! shows  2-ps component with a state having a strong oscillator strength,
that the emitting state has a large oscillator strength. Yamaguchinamely the *B,*" state. The comparison of OPE and TPE
and Hamaguchi assumed that the oscillator strength of theinduced transient absorption (see Figures 2 and 3) suggests that
“IAg™" — Sy transition is at least as strong as that of tHgy,*” this scheme applies to ATR in the nonpolar solvent hexane as
— S transition}* in contradiction to the measurements of Birge well. Furthermore, as described above, indirect evidence (the
and co-workerd? Second, kinetic model A does not account |ower fluorescence yield for ATR in hexane and low-temper-
for the two-photon induced transient absorption spectra, where gture measuremeﬁ?};suggests the existence of a subpopulation
the relative contribution of the fast (26@00 fs) response  of ATR in hexane where the lifetime in the emissivAB:t”
increases and the relative contribution of the 2-ps responsestate is short£300 fs). In this subpopulation, a faster relaxation
decreases compared to those of the one-photon induced transierdhannel leads to relaxation of th&8,™ state in less than 300
absorption spectra. fs, resulting in the lower fluorescence quantum yield of ATR
We have proposed another model (Figure 6B) based on ain nonpolar solvents. This suggests that the decay of {lsta®

comparison of the OPE and TPE induced transiéritsthis
model, we assign the2-ps response to relaxation from thg S
(“1By"") state and the 206300 fs lifetime to the *A, " state.

is sensitive to the conformation of ATR. Nonpolar solvents may
favor a conformation where a fast decay channel is open for
Sz, which is closed in the conformation favored in polar



8142 J. Phys. Chem. A, Vol. 105, No. 35, 2001 Larson et al.

TABLE 3: Fitting Parameters for One-Photon Transient 2
Absorption Data of All-trans Retinal in Acetonitrile and 10
Propionitrile 2 Retinal:TFA:
1:0
A probe f 05
(nm) 71 (fs) amp.  72(ps) amp. t3(ps) amp.
all-trans retinal in acetonitrile © —
450 1.7 0.80 193 0.20 9 04 1 10 100
500 22403 084 336 0.16 g TFAretinal
550 0.86+0.3 0.92 37 0.08 3 1:200
600 300 (fixed) 0.83 1.204 —0.17 g

650 300 (fixed) 0.63 1.660.3 —-0.32 151 0.05

700 300 (fixed) 0.67 1.2 —0.33
750 300 (fixed) 0.79 1.2 —0.36
all-trans retinal in propionitrile
450 3.0 0.94 48 0.06
500 2.0+£0.1 0.94 48 0.06 0 s s ;
550 300 (fixed) 0.14 1.20.1 075 1748 0.11 250 300 350 400 450 500 550
600 300 (fixed) 0.86 2.&19 —0.14 Wavelength (nm)
650 250+20 0.81 1.3£0.2 —0.15 14+1 0.04 . ) . )
700 200+ 100 0.77 1.6c02 —0.21 40 0.02 Figure 8. Steady-state absorption spectra of ATR in hexane with TFA
750 160+-60 077 1604 —0.23 added at retinal:-TFA ratios of 1:0, 1:10, 1:50, 1:100, and 1:200. The

) o retinal concentration was 36 104 M. The inset shows the fraction
2Errors are based on a calculation of the standard deviation of a of hydrogen-bonded retinal estimated from the absorbance at 450 nm
series of measurements. (see text). The solid line in the inset shows the fraction of hydrogen-

. . . bonded retinal for a hydrogen-bonding association constant of 164 M
solvents. The $decay rate in the slow-decaying subpopulation

is strongly temperature dependéfit. the effect of solvent polarity, suggesting that, at least for
Retinal Photophysics in Polar Aprotic SolventsThe results moderate H bond donors, there is not a unique effect of
described in the preceding sections compare electronic relaxatiorhydrogen bonding apart from the effect of polarity.
of ATR in the protic solvent ethanol and the nonpolar solvent  Analysis of Hydrogen-Bonding Effects Further experiments
hexane. However, the nature of the interaction with protic were carried out to investigate the specific effects of hydrogen
solvents remains unclear. The effect of protic solvents may result honding by measuring transient absorption spectra of ATR in
from solvent polarity, or, alternatively, protic solvents could mixed solvents containing hydrogen-bond donors. Trifluoro-
act specifically through hydrogen-bond formation. To determine acetic acid (TFA), a strong hydrogen-bond donor, was intro-
whether specific effects of hydrogen bonding arise in protic duced into solutions of ATR in hexane. Ground-state absorption
solvents, we here compare the transient absorption response oépectra are shown in Figure 8 for all-trans retinal in hexane
ATR in the nonprotic, polar solvents acetonitrile and propio- with TFA added as a cosolvent. As the ratio of TFA to ATR is
nitrile with the response in the protic solvent ethanol. The results jncreased, a red-shifted species is observed, first as a shoulder
are shown in Figure 7 with decay times in Table 3. Itis readily on the long-wavelength side of the absorption band and then
apparent that the transient absorption of ATR in the nitriles is as the main absorption band at higher TFA/ATR concentrations.
highly similar to that in ethanol. As in ethanol,~&-ps transient We attribute this feature to hydrogen-bonded A®RThe
is observed at all probe wavelengths. This component appearsgbsence of an isosbestic point shows that the spectrum of one
as a transient absorption decay for probe wavelengths of 450 or hoth components is shifting with increasing TFA concentra-
550 nm and as a decay of stimulated emission gain for probetjon. This may result from an increasing polarity of the solution
wavelengths of 600750 nm. In fact, the transient absorption that causes red-shifts in the spectra. Nevertheless, we can

responses in ethanol and acetonitrile are nearly indistinguishable estimate the equilibrium constant for hydrogen bond formation:
As for ATR in ethanol, the 2-ps stimulated emission response

can be assigned to emission from(S'B,™). In propionitrile, ATR + TFA=ATR-TFA (2)

a similar response is observed. However, stimulated emission

is observed only at 700 and 750 nm, and not at 650 nm, as it for which

is in the more polar solvents ethanol and acetonitrile. ISC for

retinal in nitriles also appears to be similar to that in ethanol. K = f (3)

As in ethanol, the rise time of the tripletriplet absorption is 4 @-Hr- NIATR

about 28 ps (data not shown). The amplitude of the triplet

triplet absorption rise at 450 nm is very small, consistent with wheref is the fraction of ATR in the hydrogen bonded form

the low ISC quantum yield that has been reported for ATR in andr is the ratio of total TFA to total ATR concentrations. The

acetonitrile!® (The triplet yield of ATR in acetonitrile is 0.1,  fraction f of hydrogen-bonded retinal was estimated from the

comparable to the triplet yield of ATR in ethanol of 0-08 absorbance of ATR-TFA at 450 nm, where the absorbance of

0.139). non-hydrogen-bonded retinal is negligible. (The absorption
The similarity of the transient absorption in ethanol and coefficient of hydrogen-bonded retinal at 450 nm was obtained

nitriles suggests that the assignment of excited-state relaxationfrom a BenestHildebrandt plot! incorporating only points for

processes is similar in these solvents. Correspondingly, this TFA/ATR ratios of 10 or larger for which the TFA concentration

finding suggests that the nature of the excited states is verycould be approximated by the initial TFA concentration as

likely to be similar in the polar aprotic and protic solvents. required by the BenesiHildebrandt method.) The inset in

Therefore, we conclude that solvent polarity can account for Figure 8 shows a plot of the fractidrof ATR-TFA with Keq=

the response of ATR in ethanol. Thus, although H-bonded 104.

complexes of ATR forni?20the effect of hydrogen-bonding Transient absorption scans of ATR in hexane with retinal to

on the excited-state dynamics seems to be indistinguishable fromTFA ratios ranging from 5:1 to 1:200 are shown in Figure 9.
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Figure 9. One-photon induced transient absorption scans of ATR in hexane and TFA. The molar ratio of retinal to TFA is (A) 5:1, (B) 1:1; (C)
1:10, and (D) 1:200. Excitation was at 400 nm. The smooth solid lines show fit to the data. Scans have been normalized.

Fitting parameters are tabulated in Table 4. Several observationghe presence of the hydrogen-bond donors trifluoroacetid%cid
can be made from these results. The transient response for and hexafluoro-2-propané?t.in both cases, a broad emission
retinal/TFA ratio of 5:1 is essentially identical to the response spectrum was observed peaking at 5880 nm with a tail
of retinal in pure hexane (compare Figure 2). With increased extending toward 606700 nm. The fact that stimulated
concentration of TFA, the nature of the transient response emission is observed only in the 65850 nm region suggests
changes smoothly from resembling the response of ATR in the existence of excited-state absorption in the-5000 nm
hexane at a ratio of 5:1 to resembling the response of ATR in region that competes with stimulated emission. At weak
ethanol for a ratio of 1:10, where about 30% of ATR is concentrations of hydrogen-bond donor (retinal/TFA ratios of
hydrogen-bonded. A change in the ratio of retinal/TFA from 5:1 and 1:1; see parts A and B of Figure 9), the excited-state
1:1to 1:10 is sufficient to shift the response at long wavelengths absorption dominates, and stimulated emission is observed, if
from excited-state absorption (as observed in hexane) toat all, at 706-750 nm. For an ATR/TFA ratio of 1:10, the
stimulated emission (as observed in ethanol). excited-state absorption and stimulated emission nearly cancel
As the ratio of the TFA cosolvent increases, an increasingly each other out at 600 nm, where an underlying faster response
strong contribution with a time constant ef2 ps is detected.  can be detected. For an ATR/TFA ratio of 1:200, the stimulated
Concurrently, stimulated emission gain is observed, first very emission is stronger, and in fact for an ATR/TFA ratio of 1:200,
weakly at 750 nm for a 1:1 retinal/TFA ratio, then in the 650  the stimulated emission gain is stronger than that observed in
750 nm region for a 1:10 retinal/TFA ratio, and finally from ethanol.
600 to 750 nm for a ratio of 1:200, where almost all ATR is The increased stimulated emission observed with increasing
hydrogen-bonded. Thus, for a low concentration of hydrogen- concentration of hydrogen-bond donor is consistent with the
bond donor, stimulated emission gain is observed only at longerincrease in fluorescence quantum yield that was observed when
wavelengths. Then, as the hydrogen-bond donor concentrationT FA was added to solutions of retinal in hexane or methi&nol
increases, stimulated emission becomes increasingly strong, anar when hexafluoro-2-propanol was added to solutions of retinal
the wavelengths at which it is observable expand toward the in cyclohexané? The increased stimulated-emission component
blue. The fluorescence spectrum of ATR has been reported inmay arise from a shift in the partitioning of ATR into
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TABLE 4: Fitting Parameters for One-Photon Transient
Absorption Data of All-trans Retinal in Hexane with
Trifluoroacetic Acid (TFA) 2

A probe

(nm) 71 (fs) amp.  72(ps) amp. t3(ps) amp.
5:1 retinal/TFA molar ratio

500 300 (fixed) 0.67 1.9 0.33 small—

550 300 (fixed) 0.76 2.3 0.24  small+

600 300 (fixed) 0.66 0.78 0.29 29 0.05

650 320 1.0 small +

700 330 1.0 small +

750 32 1.0
1:1 retinal/TFA molar ratio

500 1.6 1.0 small —

550 300 (fixed) 0.62 1.9 0.33 20 0.05

600 250 0.86 0.79 010 21 0.04

650 220 0.84 14 0.16

700 170 0.88 0.62 -0.11 18 0.01

750 1.4 -0.92 28 0.08
1:10 retinal/TFA molar ratio

500 1.5 1.0 small +

550 1.2+ 0.2 0.67 33 0.33

600 38 1.0

650 1.3+£0.2 —-0.58 30 0.42

700 1.2+0.2 —-0.92 48 0.08

750 1.3+£01 -1.0 small +
1:200 retinal/TFA molar ratio

500 1.9 1.0

550 1.2+0.2 1.0 small +

600 1.7£04 -1.0 small +

650 1.5 -1.0 small +

700 1.1 -1.0 small +

a Amplitude columns show relative amplitudes of the decay com-
ponents. A positive amplitude designates a decay in the absorption,

whereas a negative amplitude designates a rise. “Small” indicates that

the amplitude of a particular decay was too small to obtain an accurate
rate constant.

Larson et al.

detected in the nonpolar solvent hexane, consistent with the
lower fluorescence yield in dry hydrocarbon solvents. The role
of hydrogen bonding was investigated by addition of a
hydrogen-bond donor, trifluoroacetic acid, to ATR in hexane.
With increasing concentration of TFA, the transient absorption
changed smoothly from one characteristic of a nonpolar solvent
to one characteristic of a polar solvent. We detected no evidence
for new excited-state processes involving proton transfer or
excited-state hydrogen-bond formation or dissociation. This
suggests that hydrogen bonds act mainly through the introduc-
tion of a more polar local environment. The results are consistent
with the previous findingf that all-trans retinal exists in (at least)
two populations with differentB,"-state lifetimes. Polarity
favors a population of retinal characterized by stimulated
emission from thelB,™ state and a low triplet yield. In
contrast, in nonpolar solvents, a larger subpopulation is present
with faster decay of theB," state, resulting in a lower
fluorescence quantum yield.
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