
1. Intmduction 

The solvent can exert significant in!-?uence on 
the pathways and rates of radiationless decay of 
the excited states of solute molecuIes. A major 
barrier to eIucidating such el3ects is the diversity 
of solute-solvent interactions which make it 
difficult to assign experimental observations to 
specific solvent properties. There exists, there- 
fore, a great need for systematic experimental 
studies aimed at identifying the influence of a 
specific solvent property on a radiationless pro- 
cess. There are several classes of large organic 
molecules which are thought to undergo large 
conformational changes upon optical excitation, 
and these provide interesting systems for the 
study of solvent infiuences on the excited state 
decay, since one may hope to isolate the 
influence of solvent viscosity on the radiation- 
less process. .&hong these, the cyanine dyes and 
other substituted polyeues have been studied 
intensively in recent years, both because of 
technologicai interest in them as laser and 
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mode-locking dyes [l] and because of the pres- 
ence and activity of polyene based structures in 
a wide variety of natural photobiological 
systems [2]. From these studies a consistent 
picture of polyene singlet photoisomerization is 
beghming to emerge [3]. 

In the present paper we present the results of 
our study of the cyanine dye 3,3’-diethyl- 
oxadicarbocyanine iodide (DODCI) in a series 
of soivents and over a range of temperatures. 
DODCI has been studied by a number of 
groups over the last few years and is particularly 
suitable for study since it is vital that all the 
nonradiative pathways are characterized if cor- 
rect conclusions are to be drawn from a study of 
the type presented here. Dempster et al. [4] 
established the existence of a transient photo- 
product (the “photoisomer”) by conventional 
flash photolysia and obtained its ground state 
absorption spectrum and quantum yield of for- 
mation. The singlet lifetime of DODCI was 
initially a controversial topic [5], but with low 
intensity excitation (or a single pulse from a 
high pokier laser) a clear c&census has emerged 
that the fluorescence decay is single exponential 
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We have studi&.the photoph>&s of DODCI dissolved in a series of poiar solvents. Through measurements of the 
temperature dependence of the photoisomer quantum yield, iIuorescence lifetime and fluorescence quantum yields we 
clarify the kinetic mechanism for nonradiative decay. By measuring the isomerization rate as a function of temperature 
at mnstant viscosity we are able to separate the innuence of internal barriers and solvent visc&s drag. The apparent 
activation energy observed in solutions is less than the sum of the internal and viscosity activation energies. This is 
shown to be consistent with the full Kramer’s rate expression for diffusive barrier crossing. We also establish the 
temperature dependence of a second “dirmt” internal conversion process which does not lead to photoisomer formation 
and dominates the nonradiative decay of DODCI at low temperatures or in a rigid matrix. 
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and has a value of 1.1fO.l ns in ethanol at 
25°C [6]_ Rulliere [7] extended the measure- 
ments of Dempster et al. [4] with a study of the 
temperature dependence of the fluorescence 
quantum yield and the decay of the ground 
state photoisomer. In the same paper he also 
reports making measurements of the rate of 
formation of photoisomer as a function of tem- 
peraturef. Based on these results Rulliere 
proposed a kinetic schem,: in which the excited 
DODCI undergoes a thermally activated twist 
to an intermediate geometry, then undergoes 
rapid internal conversion to the ground state 
surface where branching between the isomer 
and normal forms takes place. This picture is 
physically appealing and is consistent with 
current ideas on polyene photoisomerization. 
However, there are a number of possible com- 
plicating factors which require experimental 
clarification before specific solvent influences 
can be investigated. Firstly Rulliere neglects 
direct internal conversion from the normal form 
excited singlet and assumes that branching to 
photoisomer ground state is small. To what 
extent are these assumptions justified? Secondly 
:here is the possibility of a significant tem- 
perature dependence of the radiative rate as is 

observed in the diphenyl polyene systems which 
have been proposed to follow similar kinetic 
schemes to that proposed by Rulliere for 
DODCf [Id, 31. It is therefore necessary to 
measure both fluorescence !ifetimes and yields 
as a function of temperature and to combine 
them with temperatare dependent photoisomer 
quantum yields, in order to extract unam- 
biguously the various rate constants in Rulliere’s 
scheme. Jaraudias [S] has.recently described a 
study of DODCI Ruorescence lifetimes in a 
varie:y of solvents at room temperature, and 
shows that a correlation can be obtained 
between solvent viscosity and lifetime. Recent 
work in this laboratory on the rotational 
reorientation of DODCI [9] has shown that 
studies of a series of solvents at a single 

7 We btlicve that Rulliere n~ans yield rather than nze of 
photoisoner formation (vide infra). The rate is then 
obtained via his kinetic scheme. 

temperature must be supplemented with tem- 
perature studies to assess the iniluence Of sol- 
vent viscosity. In other words, “solvent series” 
studies are susceptible to specific solvent elects 
and can give a misIeading picture of. the depen- 
dence of reorientation rate on viscosity. It 
seems very likely that similar considerations 
must apply to studies of large amplitude internal 
motions in excited molecules. 

Before presenting our experimental results we 
describe the proposed mode! for DODCI 
photoisomerization (section 2) and then discuss 
in section 3 what solvent effects might be expec- 
ted to obtain if the proposed kinetic model is 
correct. Section 4 briefly outlines the experi- 
mental methods used. Section 5 presents the 

(b1 

Fig. 1. Models for DODCI photophysics. (a) Ruliiere’s 
model. n, t and i represent normal, h&ted and isomer 
forms of DODCI. ki, and k, refer to rates of internal con- 
version and twisting respectively, and k, is the radiative rate 
constant for S;. The branching ratio between the ground 
state isomer and normat form is denoted by 9. (b) Alterna- 
tive representation in terms of 2 non-adiabatic curve cross- 

ing process. This scheme is equivalent to scheme Ia) in the 
limit of a very shod lifetime for Si. The correspondence 
between the rate constants in schemes (a) and (b) is shown 
in the figure. 
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experimental results and discusses some of the 
questionsraised earlier and in section 3. Section 
6 contains some concluding remarks. 

In this section we discuss the proposed kinetic 
model for the photoisomerization of DODCI 
and attempt to clarify the relationship between 
the observable rate parameters in this scheme. 

In fig. la we show the set of surfaces pro; 
posed by Rulliere along with the relevant rate 
constants. Fig. lb shows a contrasting scheme in 
which a surface crossing leads directly to the 
photoisomer and competes with a “direct” 
internal conversion back to the ground state 
normal form. Scheme (a) will be recognized as 
the “diagonalized” form of scheme (b). In this 
sense these are not two distinct photoisomeriz- 
ation mechanisms, merely two different views of 
the same mechanism. Scheme (2) is useful when 
the two LLground state” surfaces are so strongly 
coupled in the twisted region that an ener,y gap 
opens up between the twisted form excited and 
ground states producing a metastable excited 
state “twisted species.” In scheme (b) the cou- 
pling is considered to be weak enough that one 
does not consider the presence of a metastable 
twisted species except as a vibrationally 
unrelaxed form of the iso_mer. Suppose that the 
populations of scheme (a) obey the following 
rate equation: 

dN;/dt = -k;N; - k:N: - k;N;, (14 

dN,“/dt=k&N; +(I-qS)k;N;, (lb! 

dN:/dt = k:N; - k:,N:, UC) 

dNb/dt = c$k;&. (Id) 

In writing down the simplified equations we 
have made the following assumption: 

(1) Our initial conditions have all of the 
population in NY at 1= 0. 

(2) There is no backflow over the excited 
state barrier from twisted to normal form. 

(3). There is no backflow over the ground 
state barrier from the isomer to the normal 
form, or vice versa. 

Assumption (1) is justified with picosecond 
pu!se excitation. Assumption (2) is justified in 
that only single exponential decay kinetics is 
observed for the fluorescence decay in DODCI. 
Assumption (3) is justified for times of the 
order of the Ruorescence decay time 
(nanoseconds) because the relaxation of the 
photoisomer popuiation back to the normal 
form is observed to be extremely slow (=milIi- 
seconds [4]). These equations can be solved 
easily to give the population of photoisomer as 
a function of time: 

N;(t) = 
c$k;ck:N: (0) 

k;c-k,“-kc-k: 

Since we are ignoring the return of the ground 
state isomer to the normal form, the “quantum 
yield” of photoisomer can be written as 

4kkkX (0) N6@‘=k;c-&k:,_k; 
1 1 

x k;+k:c+k:-kk . I 

This expression gives the number of photo- 
isomers formed for a given initial population of 
excited molecules, TV; (0) and is valid for times 
short compared to the relaxation time of the 
ground state isomer to the normal form. For 
DODCI, the relationship 

khsk: +k$+k:, (4) 

holds since the twisted state has never been 
observed. Expression (3) can be simplified to 

N; (co) = Ok;N; (O)/(k:, + k:c + k:). (3 

Since the initially excited state decays as 

NT (1) =N; (0) exp [-(k: + kZ + kf )tl. (6) 

Expression (5) can be rewritten in terms of the 
fhtorescence lifetime,. rr as 

Nb (a) = 4k:rr. (7) 



In addition, the initial time dependence of the 
photoisomer population is given by: 

Ivi, (r) = 4k:N; (OfTf 

x{l-exp [-(k: +kk+k:)f]}, (S) 

which implies that the “photoisomer rise time” 
mm equal the fhorescence decay time. Only the 
photoisomer quantum yield depends directly on 
the rate constant for barrier crossing in the 
excited state in this moSe1, and the identity 
between the temperature dependence of the 
fluorescence quantum yield and the rate con- 
stant of Formation of the phntoisomer cannot 
constitute evidence for the barrier crossing 
model. In section 5 we will describe a measure- 
ment of the temperature dependence of the 
photoiscmer quantum yield which, when com- 
bined with photon counting fhrorescence decay 
times unambiguousiy determine the temperature 
dependence of the rate constant Eor photo- 
isomer formation. 

Returning to scheme t(b) in fig. 1, we may 
note that the “direct” internal conversion to the 
ground state could be present in model (a) as 
weil, but it is a necessary feature in the second 
scheme in order to account for the small quan- 
tum yield of photoisomer. The kinetics in this 
scheme are essentialljl the same as in scheme (a) 
except that now the branching factor & is 
absent from the photoisomer quantum yield 
expression: 

NI (co) = k::i. (9) 

Our experimental results indicate that while a 
second nonradiative decay process may exist, it 
does not appear to be as fast as the barrier 
crossing process. 

3. Solvent effects 

Given the kinetic models outiined in section 
2, there are two major effects which the solvent 
could have on the nonradiative rate constants 
k& kF or k,“. First, one expects electronic 
energy level shifts to occur in polar solvents. 
This is often reflected in the shift of fluorescence 

or absorption maxima as a function of 
solvent. In a series of papers oa the radiation- 
less decay of diphenyl polyenes, Birks [ld, 3, 
lo] has correlated the nonradiative decay rates 
with shifts of fluorescence band maxima and 
hence with the index of refraction and dielectric 
constant of the solvent. It is easy to see from 
fig. lb that if the two surfaces which are cou- 
pled to produce the excited state barrier shift 
with respect to each other then the effective 
barrier height will be a function of solvent. In 
the polyenes, the excited state mixing occurs 
between states of A and B character. If the 
excited state from which fluorescence is obser- 
ved has mostly A character then profound 
effects of solvent on the radiative rate constant 
can be expected as well. This effect is usually 
found in molecules where the radiative rate 
calculated from the Strickler-Berg relation is 
much larger than the true radiative rate, and 
where the fluorescence and absorption spectra 
show very different temperature and solvent 
behavior [ll]. The behavior of the absorbance 
and emission maxima of DODCI with solvent 
has been studied by Jaraudias [S]. Both maxima 
show a shift to the red of nearly equal magni- 
tude in the higher alcohols. In addition, the 
magnitude of the radiative rate constant calcu- 
lated from the integrated absorbance is oniy 
about 159/o larger than that calculated from 
fluorescence quantum yield measurements. None: 
theless, it is reasonable to ask if the radiative 
rate shows some sensitivity to solvent and tem- 
perature, when excited state level mixing is 
thought to occur. 
A second way in which solvents can influence 

the isomerization rate of DODCI is through vis- 
cous drag on the molecular motion producing 
the isomerization. Recent theoretical [12] and 
experimental [13] results indicate that the 
Kramer’s expression for barrier crossing in the 
presence of friction gives a good representation 
of the influence of viscosity on conformational 
changes in large molecules, if the motion is 
sufiiciently strongly coupled to the medium. 
Recent experiments show that the behavior of 
the overall rotational motion of DODCI in 
alcohols ciosely follows hydrodynamics [9]. 
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The Kramer’s expression for thermally acti- 
vated barrier-crossing is [14] 

k = (oo/2~~‘){[~(l/r,f2+o”]“2- l/27,) 

x exp (-&IRTj, (10) 

o0 and o’ are frequencies associated with the 
curvature in the metastable well and at the bar- 
rier. E. is an intrinsic barrier ener,7 and r= is 
the momentum correiation time for the relevant 

‘degree of freedom. To is usually calculated using 
a hydrodynamic model: 

1/Tc=6iiaq/m, (11) 

with a = “hydrodynamic radius” of the relevant 
motion and v = the viscosity. 

In the low viscosity iimit, the rate becomes 
independent of viscosity, 

k = (oo/27r) exp (-EJRT). (12) 

It has been pointed out in recent theoretical 
work [12b, c] that this limiting behavior is 
incorrect, however, we will show that our 
experiments do not correspond to “weak 
coupling limit” [ 12b]. 

For high viscosity (when r,o’e 1) 

k = (ooo’rcj~w) exp (-EofRT) 

and 

=U/t7) exp (-Eo/RTL (13) 

Empirically, it is often found that 

UT = (I/T’) exp (-E,IRT). (14) 

So that, if the high viscosity Iimit applies then 
the observed activation energy for barrier cross- 
ing must be the sum of the “intrinsic” barrier 
height and the viscosity activation energy. 
Recently, .Taraudias [Sl has presented data 
which show that the quantum yield of fluores- 
cence for DODCI in a series of alcohols obeys 
fairly well the relation 

I/&=l+k,,/k,=l+A/s. W) 

However, other types of hydroxylic solvents e.g. 
water ar,d ethylene glycol_do not appear to obey 
this relation with the same value of A. This Ied 
Jaraudias to suggest that the density of OK 

moieties in the solvent was a factor which 
influenced the nonradiative decay rate. If the 
OH groups of the solvent were promoting or 
accepting modes for the radiationless transition, 
one might expect a solvent deuterium effect 
which we do not observe. 

An alternative description of the photo- 
isomerization process is to consider it to be a 
radiationless transition or surface crossing in the 
“strong coupling limit” Simple theoretical con- 
siderations [lS, 161 show that the rate constant 
for the curve crossing process shown in fig. 2h 
can be written 

k: = kb” + kf’(Q). (16) 

kk” is the contribution to the radiationless 
decay from all promoting modes in the molecule 
exceppt the “isomerization coordinate” Q, while 
k;‘(Q) is the rate induced by the “promoting” 
character of Q. When the dynamics of Q is 
determined by viscous drag (“high viscosity 
limit”) and, if the torsional modes are not good 
accepting modes for electronic energy, then 

(17) 

with AE equaling the free energy of the 
ensemble of molecules constrained to lie along 
the hypersurface of intersection of the two 
potential surfaces. In fact, calculations by 
Kushick and Rice [ 171 suggest that for polyene 
molecules with coupled torsions, other modes 
accept most of the energy in the radiationless 
transition, so that, when the dynamics of the 
torsional mode is determined primarily by the 
solvent, relation (17) might be expected to hold. 
The low viscosity limit is much more compli- 
cated. An advantage of the radiationless transi- 
tion picture is that all other possible effects of 
the solvent, e.g. level shifts, are automatically 
“built in” to the description. 

4. Experimenta! methods 

DODCI was purchased from Eastman, and all 
solvents used were analytical grade. The PMMA 
{Aldrich, Medium molecular weight) sample was 
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Fig. 2. Ruorescence decay of DCDCI in ethanol at 20°C. The solid line is the fit to the data using the measued instrument 
function (narrow dot&i cm-ve). The residuals behveen measured and calculated f3uoresceoce decay are displayed at the top of 
the figure. The lifetime is 1.09 ES. 

prepared by dissolving the poIymer in toluene, 
adding DODCI and waiting 2 weeks until the 
sample could be machined to a rectangular 
block. Absorbance spectra were obtained on a 
Cary 219 spectrophotometer and emission 
spectra from an (uncorrected) Aminco-Bowman 
fiuorimeter (model SPF-500). 

The excitation source for ihe conventional 
gash photolysis apparatus was an Eiectro- 
photonics flashlamp pumped dye laser. The dye 
used was Coumarin 480 and the laser pulse 
width was 20 t.~s. The analyzing light source 
was operated at low intensity through an 
RG610 cutoff filier. The modulation of the 
anaIyxing tight was detected with a lP28 photo- 
tube and displayed on an oscilloscope. Tine 
signal from the phototube was checked for 
linearity in the analyzing Xght intensity as was 
the observed transient absorption in the 
excitation intensity. 

Sample thermostatting was accomplished with 
a home-made brass cooling block and a 
Neslab RTE-4 circulating bath. The sample 
temperature was monitored with a digital 
thermometer (OMEGA 199) using a copper- 
constantan thermocouple. 

Fluorescence decay times were obtained by 
the time correlated single photon counting 
method using a synchronously pumped dye laser 
as the excitation source. A cooled Amperex 
PM31000 photomultiplier was used to detect 
fluorescence. The instrument function width was 
270 ps. The decay curves were fit to single 
exponential decays by the method of least- 
squares on a VKX 11-780 computer. The dis- 
tortion caused by the finite instrument function 
was removed by the method of iterative 
convolution. The precision of the lifetime 
measurements is 5%. A typical decay curve ;s- 
shown in fig. 2. 
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5.1. Fhorescence parametirs 

Table 1 summarizes the room temperature 
fluorescence lifetime data the solvents studied. 

The temperature dependencies of the radia- 
tive and nonradiative rates were obtained from 
measured fluorescence lifetimes and relative 
fluorescence yields, the yieids again being refer- 
red to the value &S = 0.49 (EtOH, 2O’C). There 
is no change in fluorescence lifetime in the deu- 
terated alcohoi solvents. The Ruorescence life- 
time in the aprotic polar solvents is comparable 
to the value in alcohols of similar viscosity. 
These two facts suggest ihat hydrogen bonding 
to the solvent OH group is not important in 
inducing the radiationless transition. Our values 
of Q for meihanol and ethanol agree with those 
measured by Jaraudias [g], but our values in the 
more viscous solvents are considerably shorter 
:han his. 

Fig. 3 shows the temperature dependence of 
the radiative rate for ethanol solutions. The 
radiative rate is almost insensitive to tern- 
perature. The usual n2 correction [X8] would 
suggest a decrease of 2% - we11 within our 
experimental error. (In this plot as in all others 

Table 1 
Summary of fluorescence data for DODCI at 20” 

Solvent 

MeOH 
EtOH 
iPrOH 
BuOH 
PeOH 
hxOH 
decOH 
cyclohexanol 

(3WP 
acetoaitrile 
DMSO 
EtOD 

l- (ns) 

0.92 
1.09 
1.13 
1.27 
1.40 
1.41 
1.59 
1.42 

0.90 
1.16 
1.10 

K”, (x10+) k, (x10+)” 

0.697 0.391 
0.523 0.394 

0.380 0.407 
0.301 0.413 
0.291 0.418 
0.233 0.429 

a) Radiative rates calculated by Jaraudii using the 
Strichler-Berg formula. 

” Soiiltion froze ==2O”C. 
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Fig. 3. Temperature dependence of the radiative rate (k:) 
of DODCI in ethanol. The dashed lines represent the limits 
of possible systematic error in the radiative rate constant. 

we are assuming a 10% error in the quantum 
yield.) 

5.2. Activation energies 

The gash phoiolysis experiments show that 
the photoisomer transient absorption rises as 
quickly as the excitation pulse (~20 FS) under 
all our experimental conditions. From measure- 
ments of the tempera?ure dependence of the 
photoisomer relative quantum yield and of the 
fluorescence lifetimes, the rate constant for 
photoisomer production can be obtained from 
eq. (7). The value of &,(EtOH, 20°C) = 0.08 of 
Dempster et al. [4] is used to calculate the 
absohtte yields and the rest&s for ethanol are 
shown in fig. 4. The activation energy for k: is 
E,= 5.7kO.9 kcal/mol. 

The temperature dependence of the nonradia- 
tive rate constants (kir) was calculated from the 
measured lifetimes and relative fluorescence 
quantum yields. The radiative rate was obtained 
from Jaraudias’ values for the linear alcohols 
@I, which is in turn based on Dempster et al.‘s 
[4] value for ethanol. Arrhenius plots of these 
rate constants are shown in fig. 5. Two features 
of these plots are immediately evident. First, the 
slopes are very sin&r in the ‘high temperarure 
region and second, there is a definite curvature 
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Fig. 4. Arrhenius plot of the photoisomer formation rate 
(x-3. 

away from the high temperature slope at low 
temperatures. Table 2 lists the activation 
energies and pre-exponential factors of the high 
temperature slope for several alcohols spanning 
a range of viscosities. These parameters were 
obtained from linear least-squares fits to the 
four high temperature points for each solvent. 
In addition, we have listed the Arrhenius param- 
eters for the viscosity of each solvent. Our 
value of 5.5 kcal/mol for the nonradiative decay 
rate compares favorabiy with the activation 
energy for the photoisomer production rate in 
ethanol in confirmation of Rulliere’s measure- 
ments in the same solvent [7]. This corre- 
spondence means that we can identify the 
temperature dependence of the nonradiative 
decay rate obtained from the fluorescence data 
with the temperature dependence of the photo- 

l/T iK1 x103 

Fig. 5. Arrhenius plot of the nonradiative rate (kz) for 
CODCI. a =ethanol, = = pentanol, x = dehnol. The lines 
are iemt-squares fits to the four high temperature pcints. 

isomer formation rate. Thus k: Z- ks (at room 
temperature and above). There is a fairly close 
correspondence among the activation energies 
of the nonradiative decay constant, the viscosity 
(mobility), and the rotational reorientation rate 
obtained by Waldeck [9] which is consistent 
with a viscosity controlled barrier crossing 
process. 

5.3. Low temperature behavior of the Arrhenizts 
plots 

The curvature in the low temperature region 
of the Arrhenius plots cou!d be due to two 
distinct effects: (1) the radiative rate we have 
used is too small and the curvature is due to a 

Table 2 
Summary of Arrhenius data for DODCI 

Solvent 

EtOH 
IsopOH 
BuOIi 
PeOH 
hexOH 
decOH 
cycloHexOH 

a) From ref. [9]. 

E,, (kcal/mol) 

5.45*0.55 
5.50~0.31 
5.4150.39 
5.31 iD.71 
5.64+ 0.67 
6.2Jr0.93 
6.09*0.33 

A (s-l) 

6.3 x IO” 
6.0x 10” 
3.1 x 10” 
3.1 x 10” 
1.6x 10” 
8.4X10” 
7.4 x IO” 

E,, (kcal/mol) To !cp) 

3.46 2.63 x lo--’ 
4.51 1.22 x 1o-3 
5.27 2.70 x 1o-i 
5.32 5.88 x IO-’ 
5.56 2.86 x lo-* 
6.55 1.77x1o-J 

10.4 1.15 x 10m6 

E< r (kcal/mol) .) 

- 

4.; 0.2 -L 

4.5’ztO.3 

7.4 co.7 
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residual temperature independent part in our 
calculated nonradiative rate. Fig. 6 shows the 
effect on the Arrhenius plot curvature of using 
progressively larger estimates of the radiative 
rate to extract k,, fro-m our measured Q-~ values. 
Noticeable straightening occurs only if a rather 
large value of k, is assumed, corresponding to a 
fluorescence quantum yield of nearly 0.60. This 
is about 30% larger than Dempster’s value [43 
and almost 50% larger than the experimental 
value obtained by Magde and Windsor [6], and 
far outside their reported limits of accurac== and 
so we reject this explanation. (2) As already 
allowed fur in our kinetic scheme, there could 
be a second nonradiative decay channel with a 
low activation energy, for example, direct inter- 
nal conversion. To test this possibility further 
we measured the fluorescence lifetime of 
DODCX in hardened PMMA. We expect the 
viscosity dependent part of the decay i.e. the 
twisting process (k;) :o be absent in PMMA 
where the viscosity is essentially infinite. 
As fig. 7 shows we observe a v&y small tem- 
perature dependence of the nonradiative 
rate, the Arrhenius parameters being Ei, = 
1.55 ri: 1 kcal/mol and A - 1.9.x lo9 s-l. These 
parameters are very simiIar to those obtained 
from the low temperature Arrhenius plots in 
fluid solution. In terms of our model (fig. la) we 

Fig. 6. InRr?ence of different v&es of the radiative rate 
constant on the curvature of the Arrhenius plot of the non- 
radiative decay con&nt in ethanol, 0 - k, -0.394 x lo', * - 
kr=0.400x109,x-k,=0.50x109,+-k,=0.55x1~9s-'. 

i= 
$201 

4 - 1 

’ ! 
zi 
Z!7 I I , 11 I I 
2 3 3.2 3.4 3.6 3.0 4 

l/T IKJ x lo3 

Fig. 7. Arrhenius plot of the nonradiative raze constant in 
PMMA. Dashed line is least-squares fit to all points. 

identify these parameters with the direct inter- 
nal conversion process (kk) which at high tem- 
peratures does not compete with k:, but at low 
temperatures or in a rigid matrix becomes the 
dominant nonradiative process. This is quite 
consistent with the results of Mialocq et al. [la] 
for pinacyanol and is likely to be a general 
feature of the nonradiative decay of poly- 
methine dyes. In fact, the correspondence of the 
high temperature activation energy of the non- 
radiative rate and the activation energy of k: 
obtained via eq. (7), and of the low temperature 
activation energy of k, with-the activation 
energy in the rigid matrix enable us to unam- 
biguously identify the origin of the high and low 
temperature parts of nonradiative rate 
activation energy. To sum up: the results of 
the last three sections imply that at high tem- 
perature .rC$ = k;, E,, =E, and thatOE, > Ei, 
and k: and k,” (0) > k:(O). 

5.4. Intramolecular and solvent contributions to 
the barrier for trvisting 

Having identified the high temperature activa- 
tion energy with. the twisting process (k:) we 
can now proceed to discuss the influence of 
solvent on this process. As we discussed in 
section 3 in the limit rat< 1 and in the absence 
of specific solvent influences we expect the 
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measured activation energy to be the sum of 
a contribution from the viscous drag of the 
solvent and the intramolecular barrier height 
[eqs. (13) and (14)]. To test these ideas we write 
the nonradiative decay rate as: 

k,, = F(n j exp (-&iRT!, (18) 

with F(q) a universal function of solvent 
viscosity alone and E0 an intrinsic molecular 
barrier height. For the situation k: 9 k&, then 
k,, is identified with the barrier crossing rate kr. 
Bjr plotting In k,, versus l/T for series of SOL 

vent, temperature pairs far which the viscosity is 
a constant the intrinsic barrier energy can be 
obtained directly from the slope. We construct 
such isoviscosity piots for four values of the 
viscosity using the set of alcohols (ethanol, 
isopropanol, butanol, pentanol, hexanol, 
decanol). The temperature dependent viscosity 
values were obtained from the Landolt- 
BGrnstein tables [19]. The results are listed in 
table 3 and the Arrhenius plot for n = 1.5 and 
TJ = 8.0 as shown in tig. 8. Two significant points 
emerge from table 3. Firstly, the activation 
energies are all less than (roughly half of) those 
obtained from the normal Arrhenjus plots, but 
the residual activation energy (E,-51) is 
significantly less than the viscosity activation 
energies (table 2). This should be contrasted 
with the case of overall molecular rotation of 
DODCI [9] where the activation energy of the 
reorientation rate matches the viscosity activa- 
tion energy closely. One possible explanation 
for this discrepancy is that the condition rco’( 1 
is not fulfilled for the twisiing motion. To test 
this we evaluated the full Kramer’s expression 

Tztble 3 
intrinsic barrier energies from isoviscosity plots 

E. (kcal/mol) 

2.950.48 
2.5i0.69 
3.1*0X 
2.35 1.2 

A (s-7 

8.23 x 10” 
3.1 x lOi 
6.5 x IO’” 
1.5X IO” 

-. 
‘T_ 

i -_ 

T. -- 
I-- 

1 3 -_ 
i 
’ 

5r*! B 1 -7, 

5 2.9 3.1 3.3 3.5 
lrr(K) x103 

Fig. 8. Iscwiscusity plots for DODCI in normal alcohols, 
o-q=ucp. X-q=8_Ocp. 

[eq. (lo)] assuming 7, is given by (II) and 71 by 
(14). The following parameters were used 00 = 
w’= 100 cm-‘, E0 = 3.0 kcal/mol, r, = lo-l3 s at 
22°C the viscosity parameters E,,, 7’ appropri- 
ate to ethanol (table 2). An Arrhenius plot of 
the twisting rate calculated in this way is slightly 
convex and a least-squares tit over a tem- 
perature range corresponding to our experi- 
ments gives a signilicantly lower activation 
energy (5.6 kcal/mol) than the sum of EO and 
E,, (6.46 kcal/mol). Thus our results are con- 
sistent with the condition r,w,‘e 1 not being 
fultilled over the temperature range of our 
measurements. However, in the absence of good 
estimates for w. and w’ quantitative conclusions 
are difficult. A second possibility is that the 
temperature dependence of the momentum cor- 
relation time, TV, does not follow the hydro- 
dyamic eq. (11). This is not an unreasonable 
alternative if the barrier is sharp (w’ large) since 
the frequency dependence of the medium 
response will become important at high 
frequencies [20]. 

Our data are insufficiently precise to deter- 
mine if the residual activation energy (Ea-- Ed 
shows a significant trend with viscosity activa- 
tion energy, since the differences in E,, (see 
table 2) are rather small-the mean E1 for the 
six alcohols is 5.13 c 1 .O kcal/mol. 
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A second indication that expression (13) is 
inadequate to describe our results comes.from a 
comparison of the.inteicepts of the normal 

Arrhenius plots of k,, and of the isoviscosity 

tihenius plots. If eq. (13) holds the intercept 
of the isoviscosity plot is A’ = B/q, with B a 

function of solute parameters aione, since rc is 
assumed held constant for a given n. The nor- 
mal Arrhenius plot in a single solvent has 
intercept A = b/no with 11~’ being the pre- 
exponential factor for the mobility of the 
solvent. If eq. (13) holds (i.e. solvent hydrody- 
namic drag were the only infhrenee on the twist- 
ing rate), then one would expect 7’A/A’q = 1 
to hold closely for the soivents studied here. 
However, the data in tables 2 and 3show 
q’A/A’q = 4 x lo-‘. While the uncertainties in 
the pre-exponential factors are inherently large, 
this rest& again indicates a departure from the 
simple high viscosity Kramer’s limit (r,o’* 1) or 
the presence of other nonhydrodynamic intluen- 
ces. The calculation described earlier using the 
full Kramer’s expression (10) using the same 
parameters as above gives an intercept for the 
Arrhenius plot of k, as 1.2 x 10” s-i. Choosing 
0’ = w” = 50 cm-’ gives 4.7 x lOI s-l. These two 
values are very similar to the experimental 
value of -6 X lOI s-r. While it must be empha- 
sized that the parameters used are “guessti- 

mates” they are certainly physically reasonable 
and we conclude that our results are quite con- 
sistent with both the full Kramer’s expression 
and a hydrodynamic dependence of r,, but not 
with the limiting form of Kramer’s equation for 
T,w’~ 1. A similar conclusion was reached by 
MeCaskill and Gilbert [12] in their theoretical 

study of the data of Shank et al. [21] on l,l’- 
binaphthyl, however their experimental infor- 
mation was restricted to only three viscosities 
and a single temperature. 

Returning to the isoviscosity plots the inter- 
cept A' should decrease linearly with increasing 
viscosity. The intercepts in table 3 are very scat- 
iered but a Ieast-squares fit to the four points 
does give a decreasing intercept with increasing 
viscosity as expected from the dependence of r, 
on 7-l in (11). 

6. Concluding remarks 

In order to test the role the solvent plzys in 

the nonradiative decay Of organic molecules, it 
is necessary to clarify the nature of all of the 
kinetic pathways by which the molecule relaxes. 

Cur data are completely consistent with the 
kinetic model of fig. la where at high tem- 
peratures intramolecular twisting to a shcrt 
lived twisted state is the dominant nonradiative 
pathway for the excited singlet, whereas at low 
temperature or in a solid matrix, where the 
twisting is inhibited, direct internal conversion 
becomes the main nonradiative process. In this 
model our data give the branching ratio, 4, 
between isomer and normal form ground states 
as 0.14. 

Because many of the solvent properties are 
correlated in a homologous series of solvents, a 
simple correlation between a given solvent 
property and the magnitude of a particular rate 
constant does not necessarily imply a depen- 
dence of that rate constant on the solvent 

property. It is necessary to disentangle 211 of the 
possible solvent effects by judicious use of 
experiments in which as many difIerent proper- 
ties can be held constant as is possible. In the 
particular case of isomerization, or any relaxa- 
tion processes where large implitude internal 
motion are involved, comparison with overall 
rotational motion is indispensable if the 
separate influence of internal and “external” 
barriers to internal motion is to be elucidated 
and to test hydrodynamic models. 

Our results suggest that the full Kramer’s 
expression equation (10) is quite consistent with 
the temperature and viscosity dependence of the 
photoisomerization of DODCI, but that the 
limiting form at “high viscosity” (called the 
Smoluchowski expression in ref. [12]) does not 
adequately describe our data. The most likely 
reason :for the failure of eq. (13) is that the con- 
dition P,o’~ 1 is not fultilled in the solvents and 
over the temperature range studied in this work. 
The failure of (13) means that the measured 
activation “barrier” cannot be decomposed 
directly into the sum of the internal barrier and 
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the solvent viscosity activation energy. The use 
of isoviscosity plots, however, enable the inter- 
nal barrier to be obtained directly even if (13) 
does not hold. The 1imitir.g feature in our test 
of Kramer’s theory is uncertainty in the cur- 
vature and height of the potential barrier in 
DODCI. Ii these could be estimated then a 
more stringent test along the lines of the dis- 
cussion in ref. [12j could 5e undertaken. 
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