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The temperature dependence of internal conversion in model compounds of the chromophore of the green
fluorescent protein and one of its mutants has been measured. The strong temperature dependence persists in
all charge forms of the model compounds, in all solvents and in a polymer matrix. The ultrafast internal
conversion mechanism is thus an intrinsic property of the chromophore skeleton, rather than one of a specific
charge or hydrogen-bonded form. An isoviscosity analysis shows that the coordinate which promotes internal
conversion is essentially barrierless at room temperature. At reduced temperatures (or high viscosity) there is
evidence for the formation of a small barrier. This may reflect a change in the nature of the microscopic
solvent dynamics close to the glass transition temperature. In all cases the viscosity dependence of the rate
constant for internal conversion is very weak, being approximately proportional to viscosity raised to the
power of 0.25+ 0.06. This suggests weak coupling between the relevant coordinate and macroscopic solvent
viscosity. It is suggested that a potential candidate for the coordinate which promotes internal conversion is
the volume-conserving “hula twist”.

1. Introduction CHART 1
The green fluorescent protein (GFP) is very widely used as x Y
a genetically encoded noninvasive fluorescence marker in
bioimaging!2 The structure of GFP has been established, and X N*(N\Rz
the chromophore identified aspahydroxybenzylidene imida- R
zolidinone, Chart 1, formed from a cyclization and oxidation I X =OH, R; =R, = CH;
reaction of three adjacent amino acfd8.The quantum yield I X=H,R =CHs, Ry = COCoHs

of fluorescence of the chromophore in the intact protein has ) ) ] o
been measured as0.81 The fundamental photophysical of GFP use as their starting-point structures similar to th(_a model
processes of GFP have been established in both ultrafastcompoundsl andll, rather than the actual structure in the
fluorescence experiments and simulations. The key processe$roteini®** A key test of the suitability of such theoretical
are facile excited-state proton transfer from the neutral excited Models for protein calculations will be their ability to reproduce
chromophore to form the fluorescent anionic state, and an the observed chromophore dynamics in simpler systems.
infrequent structural reorganization in the protein to accom- We initiated a study of the radiationless relaxation of
modate the new anionic excited stéfe. compoundsl and Il in solution. Using ultrafast polarization
One intriguing observation, which is not yet explained, is SPectroscopy the dominant mechanism of ground-state recovery
that the denatured protein, isolated fragments of protein contain-in | was identified as internal conversion (I€):°In a series
ing the chromophore, and synthetic model compounds of the Of n-alcohols the IC rate was found to be only a very weak
chromophore, are all essentially nonfluorescent in fluid solution function of medium viscosity;, while the reorientation of the
at room temperaturé® Further, although many mutants of the ~entire molecule was well described by a lingadependence,
protein have a high fluorescence quantum yield, Kummer et al. @S expected for diffusive reorientatiéft’In addmon,_ the strong
have shown that some mutants are only rather weakly fluores-t€mperature dependence of the fluorescence yield was found
cent? Clearly it is necessary to understand the mechanism of t0 be rather insensitive to the solvent glass transition temper-
radiationless decay in the chromophore, to aid the interpretationature:* It was proposed that these data are consistent with a
and optimization of the photophysical properties of GFP mutants mechamsm for IC involving a coordinate which does not require
for bioimaging and other applications. There are additional the displacement of large volumes of solvent, but may be
reasons why an understanding of the mechanism of the dramatidhermally activated over a low barrier. The data were not
suppression of radiationless decay by the GFP matrix is sn_Jff!C|ent to distinguish beMeen thermally activated or weakly
important. At a fundamental level, the4@ld enhancement in friction-controlled mechanisms. The rate of IC_: was also found
fluorescence quantum yield when the protein structure is formed t0 depend somewhat on the charge state, ofith the fastest
around the chromophore suggests a highly effective pretein relaxation being for the neutral, and longest for the adion.
pigment interaction. An understanding of this interaction may ~ More recently ultrafast fluorescence spectroscopy has been
impact on a wider understanding of biochromatics. At a practical Used to investigate radiationless relaxatioh.}4° Femtosecond

level, many theoretical calculations of the electronic structure fluorescence up-conversion measurements revealed a fluores-
cence decay fol~ in n-alcohols at 294 K, which is well
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component, independent pf and a picosecond component that an amplified titanium sapphire laser provides sub 200 fs pulses
had a wealg dependenc& Kummer et al. used a streak camera at 396 nm. These are used in the standard ultrafast polarization
to record the fluorescence decay of compounds similaatad spectroscopy geometry, to record the ground-state recovery
I~ over a very wide viscosity rand€ They reported a stronger  dynamics following $— S; electronic excitation. Both popula-
viscosity dependence gf-> than that in ref 18. We will return  tion and orientational dynamics are measured in the polarization
to the viscosity dependence below. Other groups have investi-spectroscopy experime#t2%30The latter are observed in the
gated the spectroscopy of compounds similai s models case ofl because of a minor radiationless relaxation channel to
for GFP spectroscopd?.= 22 In particular Schellenberg and co- an unidentified bottleneck staté.The resulting ground-state
workers have demonstrated that there are significant differencesrecovery through orientational relaxation is well described by

in the Raman spectra df and GFP, whilel has a low- a hydrodynamic StokesEinstein-Debye model of rotational
temperature photochemical hole-burning behavior which is diffusion with near “stick” boundary conditions. This was
rather similar to that observed in GBF22 established earlier fdr and|—,16 and was also found here for

The time-resolved measureméfitd® cannot reveal the 1T (data not shownj! Fortunately, the time scale for the IC
identity of the coordinate which couples ground and excited and reorientation are quite distinct and so easily separated, and
states to facilitate IC. Consideration of the known photophysical in the following we will concentrate exclusively on the
properties of a number of compounds structurally relateld to  population dynamics.
such as cyanine and stilbene dyes, suggest that rotation about Ultrafast polarization spectroscopy experiments could only
one or both of the bridging carbertarbon bonds is a strong be conducted oh, its anion and cation, as the absorbanc# of
candidateé’324 This possibility has been further investigated is negligible at 396 nm; the solvent and pH dependence of the
through quantum chemical calculations bofas far as we are  electronic spectra of and Il are discussed in more detail
aware there are no similar calculationslbjby two groups:0.25 elsewheré? In all ultrafast measurements the optical density
For rotation about the double bond, Voityuk et al. found energy of the solutions was adjusted to be approximately 1.0 in a 2
minima for the planar ground state and thé 8fisted excited mm cuvette at 400 nm. Analysis of the transient data was as
state. This suggests excited-state rotation about this bond as greviously describetf and yields directly#c= k¢, where
possible coordinate promoting IC, as the rate of IC is critically, the angle brackets indicate the weighted average of the bi-
exponentially, dependent on the energy separation betweenexponential fit to the ultrafast ground-state recovery.
initial and final states. The approach of excited and ground states Stationary-state fluorescence measurements were made in a
was calculated to be very close in the cation, leading to the 1 cm path length cuvette made from square tubing, contained
expectation of rapid IC, but less close in the neutral and anion in an Oxford Instruments cryostat (DN 1704). This was placed
forms2® For rotation about the single bond, the ground and in the sample cavity of a Spex Fluormax 2 spectrofluorimeter.
excited states were calculated to approach only in the anion, The cuvette space in the DN 1704 was filled with dry nitrogen
but not the neutral or cation. gas as a heat exchanger. Sample concentrations were adjusted

A related set of calculations was presented by Weber et al. to give an optical density of ca. 0.1 at the excitation wavelength,
for planar and 90twisted forms of the neutral and anionic states which was chosen to be 20 nm to the short wavelength side of
of 110 The results were qualitatively similar to those of Voityuk the absorption maximum, so as to minimize contributions from
et al. (though they were quantitatively different, indicating the solvent Raman scattering to the sigilaMeasurements were
uncertainties associated with this kind of calculation). Weber made at temperatures down to 77 K, the samples being
et al. also presented results for a concerted twist motion aboutequilibrated at each temperature until no further change in
both bridging bonds (the “hula twis®29) which showed close  fluorescence intensity was observed.
approach of ground and excited states for both anionic and The radiationless decay ratec was calculated from the
neutral forms of at a twist angle of 90 This result is consistent ~ measured fluorescence spectra according to:
with rapid IC in bothl andl~, as observed experimental§”

In addition this mode displaces little solvent, and might not 1- CI)E
therefore be expected to be strongly sensitive, o agreement (k= ke ®R 1)
with experiments at low and moderate viscodfty:” F

In this paper the objective is to provide a more detailed insight
into radiationless decay in and to investigate for the first time
radiationless decay ih. Compoundl is of particular interest
as it is the model for a blue-emitting mutant of GFP (tyr66phe)
in which dynamics associated with the phenolic hydroxyl
substituent are blocketf® In the following the potentially
intermingled effects of a thermal barrier in, and solvent friction
effects upon, the coordinate leading to IC will be separated by

an isoviscosity analysi. To achieve this we will use both Bol .
temperature-dependent steady-state fluorescence and ultrafast-> x 10° S™* has been assumed for all solutes in all solvents
at every temperature. This value is based on the measured

ground-state recovery measurements, in a range of solvents; el and k q lifeti £ wild
including a polymer matrix. The small temperature (or viscosity) guantum yield and known nanosecond lifetime of wild-type
dependent barrier and the weak viscosity dependendecof GFP33 The value assumed is justified on the grounds that

observed are discussed in terms of the likely candidate promot-has a similar oscillator str(_angths to GFP. The _assumption ofa
ing IC, and its interaction with the environment. temperature and solvent independent valu&:;dé based on

the observation that the electronic spectra afe only weakly
dependent on these variabf@s?2
Once a value fokc is determined its dependence on viscosity
The experimental apparatus for ultrafast measurements hasand temperature can be analyzed. As discussed in the Introduc-
been described in detail elsewhéfelhe second harmonic of  tion, the rate of IC is in general a function of both the friction

wherek; is the radiative rate constant adef is the fluores-
cence quantum yield relative to that at 77 & = (Dg/PL).
Since the spectral profile is essentially independent of temper-
ature (see below), thd)E measurements were taken from
intensity ratios, rather than the integrated area, to avoid the need
for subtraction of the solvent Raman contribution, which was
significant at temperatures above 200 K. To calcutgie@ value

for ks is required. As this is unknown fdrandll, a value of

2. Measurements and Analysis
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¢ experienced by the coordinate coupling the ground and excited
states and the height of any potential barreralong that
coordinate?324

7
1x10' 77k

kc = F(E)exp(—E/RT) @)

Since both exponential and preexponential are functions of
temperature, an Arrhenius analysis leads only to an apparent
activation energy, and it is desirable to have some means of
separating the two functions. A straightforward approach is to
first model the friction experienced by the coordinate promoting
IC (inherently a microscopic friction) by a macroscopic
parameter, the medium viscosity. If this hydrodynamic ap- 300 320 340 360 380 400 420 440
proximation (which is very successful in measurements of Wavelength / nm
rotational diffusionj*3° is accepted, then it is possible to
measuréc in a series of similar solvents at temperatures chosen g ox10°4
such that in each case the macroscopic viscosity is the same.g
In that case an “isoviscosity” plot of k¢ against 1T will yield 3
the isoviscosity activation energy, which can then be factored 3, 6.0x10°
out of all subsequent measurements, to yield separately the'@
friction dependence. Such a series of measurements is described
below for| andlI . o 40x10°
The form ofF({) so recovered can be quite informative with
regard to the dynamics of the IC reaction. In the case of an
appreciable barrier in the isomerization coordinaté) can be
represented by Kramers’ expressf§nwyhich, in the limit of a
small curvature of the barrier and/or a high viscosity (the 0.0 JphaZazes: . ' : 25 : -
Smoluchowski limit), predicts a linear dependencekef on 400 420 440 460 480 500 520 540 560 580
n~L37 A second important limit is the barrierless case, where Wavelength / nm
~ 0, in which CaSé(|9 will be domlnat.ed by diffusion on, and Figure 1. Electronic spectra of in ethanol, measured as a function
the shape of, the excited-state potential energy surface. A simple; temperature: (a) excitation and (b) emission spectra.
model of diffusion on a flat excited surface to symmetrically

placed intersections with the ground state was presented by Ostefemperature dependence is so strong that the full set of data
and Nishijima (ON), to model the strongdependence of the  may only be observed on a logarithmic scHlét is apparent
fluorescence of the dye auramine®®The ON model also  from Figure 1b that the spectrum does not shift dramatically as
predicts a linear dependence k& on »~. This model also @ increases. All that is observed in thealcohol solvents is
described the isomerization of malachite green observed inthe appearance of weak vibronic structure at low temperature.

n-alcohols by Ben-Amotz and Harr# More general models  The weak dependence of emission and excitation profiles on
for barrierless isomerization reactions have been described,solvent (data not showWh3) and temperature supports the

taking account of the curvature of the excited potential surface, agssumption of a temperature independent

and the fact that the intersection of ground and excited states In Figure 2k|C1 calculated according to eq 1, are shown (a)
“sink”) may not be localized? These models predict more  for | in four differentn-alcohols; (b) forl, 1=, I, andll in
complex forms for the friction dependence. This is consistent ethanol; and (c) fol~ in four nonn-alcohol solvents. The
with experiment in the sense that a number of experimental remarkable feature of these data is their uniformity. From the
observations of a nonlinear dependenck@bnz~* have been  collected data of Figure 2a it is apparent thatdoes exhibit a
reportect®#* Unfortunately the parameters required to quanti- weak but reproducible sensitivity to the physical state of the
tatlvely model these results are not usually available. However, solvent. There is no obvious Change in the exponentia| tem-

Fluorescence Intensity/counts

unts

2.0x10°

Fluorescence

from an experimental point of view the empirical formula: perature dependencelof as the temperature decreases through
o the glass transition temperatufg However, in all solvents a
ke =Cln 3 moderate increase in the temperature dependence is seen with

h . f ionality has b found decreasing temperature through or around the solvent’s melting
where C is a constant of proportionality has been found 10 tomperatura,. Quantitatively, if the data are analyzed accord-

describe a wide range of data, and has a sound theoretical bas%g to a simple Arrhenius dependence, at temperatures below
in the case of both frequency-dependent friction and other T. the apparent activation energy is (322) kJ mot?, while

models of reaction dynamics in solutié#*3 This equation will aboveTn it is (6 + 3) kJ mol (these uncertainties covers all
be employed in the analysis of the data presented below. five n-alcohol data sets).

The striking feature in Figure 2b is the similar form of the
temperature dependence for all three charge formk ahd

3.1. Stationary-State Measurements ofc in n-Alcohols. betweenl andll, i.e., the neutral, cationic, and anionic model
The temperature-dependent fluorescence excitation and emissiocompounds for GFP and one of its blue-emitting mutants all
spectra ofl in ethanol are shown as a function of temperature reveal a common behavior, of a strongly temperature-dependent
in Figure 1.The strong dependence df; on temperature is  rate of IC. Since within this series the integrity of the
obvious. On the scale of Figure 1 the emission spectrum only chromophore is maintained, but chromophore charge and
appears above the baseline Tox 120 K, although spectraare  H-bond donor and acceptor sites are both modified, it may be
resolvable up to at least 293 K, whe®; ~ 1074 The concluded that the strong temperature-dependent IC is a property

3. Results and Discussion
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3.2. Glass Dynamics: A Mechanism for Non-Arrhenius
Behavior? The reproducible appearance of a “knee” in the
temperature dependencelqf well aboveTy is reminiscent of
the observations of Ye et al. for the fluorescence decay time of
the triphenyl methane dye malachite green in a range of
solvents® It is established that the radiationless relaxation of
malachite green occurs through internal conversion promoted
by a propeller like rotation of the three phenyl rif§s(e et al.
found a knee in the temperature dependence of the excited-
state lifetime approximately 30 K aboVg in n-propanol. This
was coincident with the critical (or crossover) temperatiire,
30—50 K aboveTy, predicted by the mode-coupling theory of
the dynamics of glass-forming liquidsThus, the non-Arrhenius
behavior seen in Figure 2 is the first clear evidence for an effect
of the state of the matrix on IC ihandll . It should be noted
that the apparent influence ®f on k¢ revealed in Figure 2 is
not a simple viscosity effect, since the viscosityrgpropanol
is very large by 150 K7 Rather the effect is a microscopic
one, perhaps indicating the breakdown of the hydrodynamic
approximation at these high valuespfln some modef$ T,
is associated with the first appearance of “tight cages” in the
liquid, which, in the case of the IC reactions considered here,
might possibly act to constrain even small scale intramolecular
motion (see below).

Before making a firm assignment of the form of the
temperature dependence of IClirand |l to the influence of
glassy dynamics, some significant differences between the
present data and those reported for malachite green should be
noted. First IC in triphenyl methane dyes has a linear viscosity
dependence at elevated temperattiteghereas the dependence
for | is very weak!>~17 This does not itself exclude a role for
glass dynamics, but does suggest the friction experienced by
the coordinates are different in the two cases. Sedandas
reported inn-propanol at 126 K, whereas in Figure 2 the knee
is observed at ca. 150 K. Third, Ye et al. reported a strong
dependence of excited-state lifetime on temperature abgve
which became less marked beldw and still less strong below
Tg. In contrast the 150 K knee corresponds to a transition to a
stronger temperature dependence. While the onset of a stronger
temperature dependence is consistent with the picture of the
onset of strong caging dt,*8 there may be other explanations
for the seemingly temperature (or matrix) dependent value for
the isoviscosity activation energy isolated below. Finally, the
onset ofT. is associated with structural relaxation times of the
order of 1 n$® whereas the excited-state relaxation timd of

Figure 2. Arrhenius plots okc measured for (a)) in n-alcohols; (b) > ¢ :
|, its anion, and cation and in ethanol; and (c) in solvents other ~ andll at around 150 K is estimated to 50 ps, on the basis

thann-alcohols. For reference, thig values are for methanol 102 K,  of the excited-state lifetime at 294K and the measured
ethanol 95 K, propanol 100 K, butanol 118 K, 1,2-propanediol 153 K, fluorescence intensity.

glycerol 193 K, and 2MTHF 91 K, whild, values are for methanol . . .
175 K, ethanol 155 K, propanol 146 K, butanol 183 K, and pentanol 3.3. Stationary-State Measurements dkc in Other Media.

195 K. The data forl in a nonpolar (2 methylpentane, 2MP) and a
polar non-H-bonding solvent (2MTHF) (Figure 2c) are broadly
of the basic skeleton of the chromophore. It may also be consistent with the observationsriralcohols (Figure 2a). This
concluded that the suppression of IC is indeed a result of the again suggests that the IC reaction is intrinsic to the chro-
protein—chromophore interaction, rather than the generation of mophore structure, rather than a result of a particular sotvent
a chemically modified form of the chromophore in the protein. solute interaction. The only significant differences between these
The absolute differences between the four data sets in Figuredata and those in the-alcohols are that the vibronic structure
2b scale approximately with the oscillator strength of the in the non-H-bonding solvents is much better resolved, and the
transitions®? Since this is related tds (e.g., through the apparent activation energy is in the case of 2MP rather small
Strickler—Berg relatiort?) it is tempting to assign this depen- (4 £+ 1) kJ mol .32 The only solvents to show qualitatively
dence to the factd in eq 1. However a firm conclusion cannot  different behavior to then-alcohols, which form “fragile”
be reached, since the absolute valuebgfis not known at 77 glasseslare glycerol (a “strong” glass) and 1,2 propanediol.
K, and changes in its value between the different forms of the These solvents have the highegf studied, so®; can be
chromophore will also cause the observed vertical shift of the observed over a wide temperature range in the glass phase. It
temperature-dependent curvés. is seen that the apparent activation enedgcreasesfor
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0.14 reach its maximum quantum vyield until the temperature falls
O DATA [ ] well below Ty, where the viscosity is effectively infinite. The
= g constantC was chosen to normalize the experimental and
1E4] @ o8 u calculated data at 250 K. As can be seen, these data are
_ consistent with a weak viscosity dependence of the rate of IC.
A If the IC process is indeed activationless than the entire range
22 g7 - . of data, down tdl'y, are approximately described by eq 3 with
- ] u . o o~ 0.2. The implications of such a weak viscosity dependence
. 2 will be discussed below, after the possibility of an activation
§222 2 barrier to the IC reaction has been considered.

A plausible explanation for the strong temperature dependence
of the IC ofl, which persists even beloly, is the existence of
’ ' i a barrier in the coordinate leading to IC. Any such barrier must
4 6 8 10 12 be small, for the IC to be so efficient, and thus might not have
1000K /T been detected in the MO calculations. In Figure 4a,b the

Figure 3. Comparison of the temperature dependencaf 1/ kc 'S_OV'SQOS'ty Arrhenlus_ plots_are shown fd_)r an_d II. The
of I in ethanol with the viscosity raised to different fractional powers ViSCOSity range here is restricted to low viscosity-(0 cP)
(cf equation 3). where the hydrodynamic approximation seems to be valid in a

) . number of cases. All data are recorded-alcohols, to minimize
temperatures below, which was not seen fdror Il in the specific solvent effects. The disadvantage of this choice of
n-alcohols, but was reported by Ye et al. for malachite gféen.  .onqitions is thakb; is small at the relevant temperature, so

However it should be noted that the apparent activation energyat solvent background and Raman have to be carefully
above Ty is anomalously high, (1 2) kJ mol, comparedto g piracted! The data in Figures 4a,b are inconclusive, but
the other H-bonding solvents (12 2) kJ mol™*; below Tq (6 suggest a small positive activation energy of{2) kJ mol.

+ 2) kJ mol* is recovered. The large uncertainty may be a result of underlying specific

The temperature dependence of _the quantum yieldfats solvent effects, for example, df ki, or ®’, not accounted for
also been studied in a PMMA matrix between 250 and 77 K. ; " analysis

The results were similar to those of Figure 2, in that the yield | t ) h f the isovi .
was strongly dependent on temperature, but no large changes n an effort to improve the accuracy of the Isoviscosity
in the fluorescence spectral profile were observed. Measure-analys's measurements were made at lower temperatures, where

ments could not be made at the higher temperatures as and>f is larger. This however requires the use of the limited range

impurity in the PMMA matrix gave a weak emission, which of solvents for which low-temperature viscosities have been
obscured that of for T > 250 K. The impurity emission  determined? In Figure 4c the isoviscosity analysis in the range

Ao o
measured at 295 K was subtracted from all measurements prior.lo4 .101 .CP are prgsented. Overall the data suggest a plosmve
to analysis. The Arrhenius plot of the radiationless rate isoviscosity activation energy of the order of£31) kJ morf™.

calculated according to eq 1 between 250 and 100 K yields aan‘galn t_here IS _ewdence for some sp_e:C|f|c SO'Y&‘“"“te
apparent activation energy of (3481) kJ molL. This is similar interactions, which cause the isoviscosity analysis to be less
to the low value found for the nonpolar solvent 2MP over a accuratg thanf tt?]e Arrhgnlugt plgt tfor fe:hs;ﬂgled StOIerm'thA
wide temperature range, and also similar to the value extractedtOmparison of the I1Soviscosily data wi € dala for the
from the low-temperature isoviscosity analyses described below.'nd'v'o|ua| _solvents ShO_WS that the apparent (Arrhe_nlus) activa-
This is further evidence for a small intrinsic barrier to IC, at tion energies are certainly larger than the isoviscosity activation

least at low temperatures or in rigid media, and a weak energy.
dependence on macroscopic viscosity. Taken together the steady-state data suggest that part, but
3.4. Isoviscosity Analysis of Stationary-Statec. One of not all, of the temperature dependence of the fluorescente of
the important questions to be addressed is whether the temperand Il can be assigned to IC over a low activation barrier.
ature dependence of the IC reaction jmevealed in Figure 2,  Interestingly the barrier appears to be greater at lower temper-
can be regarded as a barrierless process controlled only byature. It has not proved possible to distinguish whether this
medium friction. A barrierless excited-state twisting reaction Ccorresponds to a real change in the barrier to IC, or to a change
is predicted forl by some theoretical calculatiod? One in the microscopic friction associated with changes in the solvent
consequence of this would be to suggest that in GFP the proteindynamics at and below, (to which the model based on the
matrix suppresses radiationless relaxation by constraining in- hydrodynamics approximation might not be sensitive).
tramolecular motion in the chromophore. Earlier experiments ~ 3.5. Ultrafast Measurements and Isoviscosity Analysis of
were restricted to 294 K, where solvent viscosities are well- kic at 293 K. The steady-state data described above suggest a
known, but the accessible viscosity range is somewhat limited. small activation barrier to IC, which becomes larger at lower
As a result it was only possible to conclude thatis a weak temperature. The question of whether the IC reaction is truly
function of viscosity!®18 in contrast to the behavior of some barrierless in fluid solvents at 295 K is addressed here by direct
well-known barrierless isomerization reacticfisHowever, measurements dfc using ultrafast polarization spectroscopy.
n-propanol is one solvent for which the viscosity has been Unfortunately, such measurements could not be made at lower
measured over a very wide temperature range, from 293 K downtemperatures due to strong light scattering from the cryostat
to a few Kelvin abovél,, encompassing more than 10 decades obscuring the signal. A typical temperature-dependent data set
in viscosity4” This makes possible a comparison with experi- is shown in Figure 5. Note that the measured ground-state
ment over a greatly extended range of viscosity. In Figure 3 recovery is not well described by a single-exponential function,
the experimental data fdrin n-propanol, extracted according so thekc reported are obtained from the average of the two
to eq 1 are compared with the predictions of eq 3 (i.e., assumingfastest relaxation times, as described previolsguch non-
E = 0) for three different values ofi. Note thatl does not single-exponential dynamics are predicted by some models of
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cP (dash), 5 cP (dot), 3 cP (dasthot), 2 cP (dashdot—dot), and 1 &
cP (short dash). (b) The anionic form bfin n-alcohols, where the c  266- - o
K . . ! . - ~AM—-—9o .0
lines represent the same viscosities as those in (a).ifca range of .- »
solvents 1& cP (solid), 2x 10° cP (dash), 10cP (dot), 16 cP (dash- Lok . P
dot), 2 x 10° cP (dash-dot-dot), and 4x 10* cP (short dash). 2644 v ‘/'
barrierless isomerization reactiotfsThe minor long-lived 2624 7
component in the recovery is due to solute orientational v'/
relaxationt® . T 1 . T

In Figure 6 thekc data measured in a range of different basic 28 30 32 34
alcohol solvents at various temperatures are analyzed assuming 1000K/T

a barrierless reaction (i.e., eq 3) for both the neutral and the Figure 7. Isoviscosity analysis of the ultrafast transient data for the

anionic forms ofl. These data reveal a weak dependence on anion ofl in the solvents indicated. The viscosities are 0.78 cP (SOlid),

viscosity (with a wide range of scatter between different solvent). 1-16 ¢P (dash), 1.4 cP (dot), and 2.16 cP (eekit).

Fitting the data to a linear function yields the exponent in eq 3,

o = 0.25+ 0.06. This is comparable to the value extracted Figure 5). However, the isoviscosity analysis reveals negative

from analyzing the steady-state data formeasured over an  isoviscosity activation energies at three out of the four viscosities

extended temperature rangerispropanol (Figure 3). studied, albeit with a very large mean error. A negative
In Figure 7 the isoviscosity analysis for the of |~ at activation energy is an unexpected but not unprecedented

temperatures above 295 K is presented. A thermally activatedresult®® For example, it may arise from specific solvent effects

radiationless process is seen in each individual solvent (e.g.,on the barrier height, which are not accounted for in the
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isoviscosity analysis. Alternatively a strongly asymmetric mechanism is consistent with the observed viscosity, charge,
ground-state potential energy surface may also lead to a negativeand H-bonding state independence of IQ andll . However,
apparent activation energy. Whatever the reason for this the calculations on the HT mechanism are inconsistent with the
behavior, the fact that the more precise ultrafast measurementobservation of similar and small (or negligible) activation
fail to detect an activation barrier at these higher temperatures,barriers forl and|~. This latter result suggests that (a) more
while the steady-state analysis detects a small barrier at reducedccurate calculation of the HT mechanism as a function of the
temperature, is taken to indicate an essentially barrierless processgorsional angle are desirable and/or (b) that the volume-
for T > 295 K. Thus IC inl~ at T > 295 K is a barrierless  conserving intramolecular motion leading to IC may be more
process with a very weak viscosity dependence. The samecomplex than can be represented by a single coordinate, such
conclusion may reasonably be drawn for the neutral and cationas HT.
of | and forll, based on their similar temperature dependent )
behaviors (Figure 2). Conclusion

3.6. The Nature of the Coordinate Promoting IC. The A detailed study of the temperature and viscosity dependence
results above suggest further details on the nature of theof the radiationless decay of its anion, its cation, antl has
coordinate leading to ultrafast IC. The similarity of the behavior been presented. For all four formigc exhibits a strong
for I, its ions, andl requires the coordinate to be very similar dependence on temperature. This temperature dependence does
in all these forms. This suggests the involvement of the bridging not have a simple Arrhenius form. This may indicate a
single and double bonds, which are common to all structures. sensitivity of kic to the transition to glassy dynamics at the
This is in accord with a number of theoretical calculations, where critical temperature, some 300 K aboveTg, predicted by
near barrierless rotation about this bond in the excited state wasmode-coupling theory. In fragile glasses (tikalcohol solvents)
reported to causes close approach of ground and excited statesc appears insensitive to the glass transition temperature itself,
through strong destabilization of the ground stt®The very though in some other solvents a weaRKetlependence is seen
weak viscosity dependence observed suggests either that thibelow Ty,
coordinate does not experience strong friction or that macro- The temperature and viscosity dependence have been sepa-
scopic viscosity is a poor measure of microscopic friction for rated in an isoviscosity analysis. The IC is found to be barrierless
this coordinate. The failure of the hydrodynamic approximation at 295 K, but there is evidence for a small barrier at low
for IC in | andll is not consistent with rotation about either temperature, which becomes larger with decreasing temperature.
the double or the single bridging bond alone. These would It was proposed that this reflects the influence of glassy
require rotation of either the phenol/benzene ring or the dynamics, not accounted for in an isoviscosity analysis, rather
substituted heteroaromatic ring. There is adequate evidence thathan the formation of a true barrier in the coordinate leading to
for moderate viscosities this kind of barrierless internal rotation 1C.
should occur under hydrodynamic or near hydrodynamic  The present data allow us to quantify our earlier report of a
conditions. Some examples include the following: the rotation weak viscosity dependence ki. Specifically the exponent
of the entire moleculd ;1617 the diffusive reorientation of  in eq 3 takes a value of 0.2k 0.06. This suggests that IC is
substituted benzene molecuféghe intermolecular rotation of ~ promoted by a coordinate which is only weakly coupled to
phenyl groups in triphenylmethane dy&sliphenylbutadiené’ medium viscosity. One possibility is the volume-conserving
and auraminé® “hula twist”, which involves the concerted rotation of both of

A second potential coordinate for IC inand Il , which the k_)ridging bonds. Conclusive support for this' hypothesis
involves the bridging single and double bonds, as required, is "€duires more detailed quantum chemical calculations amd
a concerted rotation of both bonds, sometimes referred to as!! - Any further conclusion on the important question of how
the “hula twist” (HT). It is easy to see that this is a volume- the protein suppresses IC requires such detailed calculations to
conserving coordinate compared to rotation about either bond € Made in the protein matrix.
alone. Indeed, the HT mechanism was originally proposed as a
volume-conserving coordinate for isomerization in the confined
retinal polyene of rhodopsit. Since the HT coordinate leads
to the displacement of only a small solvent volume, it is
consistent with the observation of a weak viscosity dependence.
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