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Enhanced Nonradiative Decay in Aqueous Solutions of Aminonaphthalimide Derivatives via
Water-Cluster Formation
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The photophysics of two derivatives of 4-aminonaphthalimide have been studied in aqueous, ethanolic, and
mixed aqueous/ethanolic solvents, including both normal and deuterated solvents. It is found that the
fluorescence quantum yield and lifetime both decrease with increased water content of the solvent and that
this is entirely due to increased nonradiative decay, the radiative rate constant being virtually independent of
the solvent composition. It is proposed that a mechanism involving the formation of a hydrogen-bonded
water cluster is responsible for the observed behavior with the excitation energy of the naphthalimide being
distributed amongst the stretching vibrations of the water cluster. The increase in the rate of nonradiative
decay is greatly reduced in deuterated solvent mixtures in accord with Siebrand’s theory of radiationless
processes.

Introduction addition of a polar solvent (especially water) to a nonpolar

solution of the compound causes a large increase in the
nonradiative rate constant, which has been variously ascribed
to enhanced intersystem crossing, photoionization, the presence

The absorption and photophysical properties of molecules are
often very sensitive to the nature of the solvent in which they
are dissolved. The observed solvent effects can provide 8 L .
information not only about the properties of the excited state(s) ©f W0 excited states of similar energy, and specific sotute
of the molecule but also about the nature of the solvent itself. Solventinteractions. Itis also possible to observe enhancement

There are now many compounds that are used to probe soIven_Pf the fluorescence as the proportion c_)f polar_solvgr_\t is
properties such as polarity (e.g. dansyl compo@ndsd increased® Another excellent example of this effect is acridine,
viscosity (1,6-diphenylhexatrieh@nd TICT compounds such ~ Whose photophysics are polarity dependent in pure solvents and
as 4-(N,N-dimethylamino)benzonitrif. Of particular current whose fluorescence intensity and lifetime decrease dramatically
interest is the process of solvent reorganization following photon in mixed aqueous/organic solvents as the proportion of the
absorption, the study of which has greatly benefited from the organic component is increas&td!® Kokubun has suggested
development of femtosecond flash photolysis techniques. that the cause of this phenomenon was an increase in the
In any solvent system, the properties of a solute will be nonradiative decay rate, which was linearly related to the
affected by both the bulk polarity of the solvent and by specific concentration of the organic component of the solvent; that is,
solute-solvent interactions. In binary solvent mixtures there the organic solvent is acting as a quencher in St&woimer
is the additional possibility of a specific interaction between fashion by increasing the nonradiative decay rate. This was
the solute and one of the components of the binary solvent. found to explain the observed properties of acridine in aqueous
This may result in preferential solvation; that is, the local glycerol at all solvent compositiofsand in aqueous alcohols
concentration of the preferred component of the solvent in the (methanol, ethanol, and 1-propanol) at low alcohol concentra-
region of the solute is much greater that its bulk concentration. tions. However, there was significant deviation from this
Marcus has reviewed the use of various chemical probes for phehavior in the latter at higher alcohol concentratitn This

the characterization of the properties of solvent mixttieesl has recently been attributed to preferential solvation by the
has discussed whether the observed probe properties argcoholl6

distorted by preferential solvation. Banerjee et al. have recently
extended existing theories of preferential solvafioAcree and
co-workers have used the distribution of vibrational intensity

in the fluorescence spectra of several polycyclic aromatic ; .
hydrocarbons in various binary solvents to model the preferential thereby concluded that the proton acceptor in solvents containing

solvation of these probe molecufeand Zana and Eljebari have water is_a_f_our-molecule water cluster. Ot_her workers suggest
also used changes in the relative vibrational intensity in the thatthe initial proton transfer may be to a single water molecule
pyrene fluorescence spectrum to study self-association of simpleWhich is then solvatedf, or that it is a water dimer that accepts
alcohols in wateP. the protore®2! Whichever of these possibilities proves to be
Other fluorescent systems have been found to exhibit drastic Ultimately correct, it is clear that studies such as these can
changes in fluorescence intensity/quantum yield and lifetime Provide information about the microscopic structure of the
as the composition of a binary solvent is varied. The best known solvent.
examples of this are the heavily studied aminonaphthalenes and We have been studying the photophysical properties of
aminonaphthalene sulfonat€s!? For many of these, the  4-aminonaphthalimides in various solvéf® and find that
there are marked differences between the properties that are

Significant solvent effects are also found in studies of the
deprotonation of excited photoacids in both aqueous and mixed
aqueous/organic solvents. Robinson et’and Leé® have

; To whom correspondence should be addressed. . observed in organic solvents compared to wateA more in-
D kﬁ“”;”tt aﬂdr-ess: -t)l,) eg artT-em OfSDC 2%@5?’58%6B'°°hem's”y* South depth study of the properties of two systems in a binary aqueous/
akotla otate university, brookings, - . ) |
€ Abstract published ilAdvance ACS Abstractdpril 15, 1997. organic solvent mixture has therefore been undertaken to try to
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determine the mechanism(s) that operate. The results of that

study are presented here.

Yuan and Brown
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Materials and Methods 055 - 9000000 g

4-Amino-9-(2N-piperidinoethyl)-1,8-naphthalimidd) was o ] ‘E
prepared by standard methddg3 In brief, 4-nitronaphthalic g 0.44 g
anhydride was first reduced (stannous chloride/hydrochloric 5 -6000000 2
acid) to 4-aminonaphthalic anhydride, and this was then re- §0'3‘_ g
fluxed with 2-N-piperidinoethylamine in ethanol for 1 h. The 02 3
resulting product was recrystallized from ethanol/dimethyl- “ 3000000 S
formamide (5:1), mp 219221 °C. Found: C, 70.0; H, 6.7; 01 -
N, 12.8. GgH21N3O, requires C, 70.5; H, 6.6; N, 13.0. '
N-(methoxycarbonylamino)-4-amino-3,6-disulfo-1,8-naphthal- 0] 0

imide, dipotassium sal2j was obtained from Molecular Probes
(Oregon) and was used as supplied.
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Figure 1. Absorption and fluorescence spectra fo(dashed lines)

and2 (full lines) in ethanol (4.0x 10~° mol-dm™3).
O TABLE 1
N solvent property compourtd  compound?
ethanol Amax (@bs)/nm 435 430
NHCOOCH,3 log e 4.10 4.02
Amax (€M)/Nm 525 523
0 N o o N o] ol 0.39 0.46
Ti/ns 7.6 11.3
. deuterated ethanol Amax(abs)/nm 434 428
1 2 X log e 4.10 4.03
Amax (€mM)/nm 520 518
o 0.45 0.54
. Ti/ns 9.8 14.0
507 S0 water Amax (@bs)/nm 433 428
log e 4.08 4.02
NHe N2 T (€M)/NM 549 536
& 0.11 0.20
Ethanol, ethanotl, and deuterated water were obtained from 7i/ns 25 4.9
Aldrich Ltd. and were either spectrophotometric grade or the deuterated water Iflmax (abs)/nm 44g>§ 4453
; ; ; ot og e . .
hlghe§t quality available. Water was doubly distilled and Amax (€M)/NM 548 535
deionized.
. ol 0.28 0.38
Absorption spectra were measured on a Hewlett-Packard nins 73 11.4

8452A diode array spectrometer on solutions of approximately
10 uM concentration in matched 1 cm quartz cuvettes.

one system is charged)( while the other is neutral1j.

Fluorescence spectra were measured on a SPEX FluoromaxHowever, it appears that the behavior exhibited by these two

spectrofluorimeter and were corrected for instrumental response
Fluorescence quantum yields were determined for optically
dilute (absorbance< 0.05) solutions by comparison with
fluorescein in 0.1 metim~3 sodium hydroxide solutiong¢ =

systems is common across this class of molecules.

The absorption and emission spectra of the two systems in
ethanol are compared in Figure 1, and their properties in all
four pure solvents are summarized in Table 1. It is noticeable

0.90)%* Fluorescence decay profiles were measured by the time-that the absorption properties of both compounds are essentially
correlated, single-photon counting techni¢fuesing the Syn- the same in all four solvents, with just a very slight blue shift
chrotron Radiation Source at the CLRC Daresbury Laboratory of a few nanometers in aqueous as opposed to ethanolic solution.
as the excitation source. The instrumental setup has beenlt is therefore somewhat surprising to find that the emission
described previousBf The profiles were analyzed by computer properties are very solvent dependent, with a significant red
convolution using a Marquardt least-squares algorithm, and theshift in emission being observed in aqueous solution together
goodness of fit was judged on the basis of fA&alue and the with a clear decrease in both the emission quantum yield and
distribution of the residuals. lifetime compared to the alcoholic solutions. There are also
very clear differences between the properties of the two systems
in water and deuterated water and (less noticeably) in ethanol
compared to deuterated ethanol.

Results and Discussion

The absorption and emission properties of the two amino-
naphthalimide moleculeg and 2 were studied in aqueous,

Calculation of the radiative and nonradiative rate constants
from the quantum yield and lifetime data reveals that the former

ethanolic, and aqueous ethanolic solvents. Parallel measureis approximately the same for each compound in all four solvent

ments were also undertaken in deuterated watgD}Pdeuter-
ated ethanol (€Hs0D or EtOD), and mixtures of the two

systems. The changes in the fluorescence quantum yield and
lifetime are solely due to differences in the nonradiative decay

deuterated solvents. These two naphthalimides were chosen forates for the different solvents. There appears to be a specific

study because (i) they both exhibit reasonable solubikt$q
uM) in ethanol and water; (ii) onelj is significantly more
soluble in ethanol than in water, while the reverse is tru€for
thus allowing us to test for possible preferential solvation; (iii)

solvent-solute interaction in operation in the excited state,
which accounts for the red shift in emission and the increase in
the nonradiative decay rate in aqueous solvents. There is also
a very pronounced deuterium isotope effect in operation.
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Figure 2. Variation of the maximum emission wavelength fofopen
circles) and? (filled circles) in aqueous ethanol solution. 0.7 g =) T g 14
. ] [

The same measurements as reported in Table 1 for the four o 0.6 L ;12
pure solvents have also been carried out for compoaraisd 2 @ o | 0
2 in water/ethanol and deuterated water/deuterated ethanol E 05 Py | 10 o
mixtures. There is little change in the absorption spectrum as € o4 e " s B
the solvent composition varies, but the emission maximum shifts & ] ﬁ J ©

; ; S o 3
(as expected on the basis of the results reported in Table 1) to S 0.3 6 5
the red as the proportion of water increases (Figure 2). At the s 2
same time, the fluorescence quantum yield also decreases go2 4 5
(Figure 3a,b). The fluorescence decay profile that is observed g 041 | 5 =
for the solvent mixtures remains a clear single exponential at ' i
all solvent compositions (as shown in Figure 4), and the ol- I 1 To
fluorescence lifetime of both naphthalimides also decreases as 0 0.1020.3040506070809 1
the mole fraction of water increases. However, as Figure 3a,b Mole fraction water

shows, the variation of the quantum yield and lifetime are by Figure 3. Variation of the quantum yield (circles) and lifetime (squares)
no means a linear function of the solvent composition, with the ©of (&) 1 and (b)2 in aqueous ethanol (filled symbols) and deuterated
greatest changes occurring in solutions with the higher water Water/deuterated ethanol mixtures (open symbols).

contents. The consistently monoexponential behavior of the ) )

fluorescence decays and the variation of the decay lifetime with dat@. In this scheme a number of different solute {N
solvent composition suggest that preferential solvation is naphthalimide)/water (S) species are postulated to exist in the

probably not the cause of these observations. In addition, the9round and excited state (* denotes an excited state). Species

relatively small changes in the absorption and emission spectrahat contain less than water molecules are assumed to have

suggest to us that a model involving two emitting states (as for the dif_'ference made up with ethanol molecules so that all spepies
the aminonaphthalenes) is also inappropriate. contain equal numbers of solvent molecules. Each excited
As mentioned above, the quantum yield and lifetime data may SPecies can either decay back to the ground state (rate con-

be used to calculate radiative and nonradiative rate constantsStants ko-.ks) or undergo solvent exchange to increase or
as a function of solvent composition, and the radiative rate decrease (where possible) the number of water molecules (rate

constant is found to be approximately constant for each of the CONStant$os, kio, €tc.). The rate constants for solvent exchange
two compounds with changes in the nonradiative rate (see Figure2® much greater than those for decay to the ground state with
5 for data onl) accounting for the observed variations in € €xception ok, for the N*... species, which represents
quantum yield and lifetime. It is not surprising in view of the € trap. In this casé, is much larger thark.. k-1 and is
comments above about the variation of these two parameters®Ple to compete more effectively with the solvent exchange
with solvent composition to find that the nonradiative rate P'Oc€Sses.

constant changes most markedly in solutions with a high water 1 ne distribution of solvent molecules around each naphthal-
content. However, the variation of the nonradiative rate constant Mde ground state molecule is assumed to be random. This
is not linearly dependent on the water content of the solvent results in a b|n0m|a_l dlstrlbut_lor_l of solute/solvent species in
mixture. A model such as that developed by KokuBu#f to the ground state._ G_lven _the similarity of the spectral properties
explain the properties of acridine does not therefore seem to be®f Poth naphthalimides in all the solvents used here, all the
appropriate in the case of these naphthalimides, although theg"ound state species appear to have identical extinction coef-
steep decrease in fluorescence quantum yield and lifetime seeficients, and we can therefore assume that the initial distribution

here appears similar to that observed for acridine in aqueous®! €xcited state species will be identical to the ground state
alcohols referred to earlier. distribution. The initial excited state concentration for a species

The positive deviation from linearity of the calculated CONtainingm water molecules and — m ethanol molecules
nonradiative rate constants as a function of water concentration(Cm(0)) will be prop0|7rt|onal to the weight of this configuration
in the binary solvents suggests that a compound quenching2Nd Will be given by
model of the type developed by Moore efamay be applicable 1)
here. Thls model deals W|t_h a situation where rr_]ultlple C,(0) ct (n )! [H,OI"[EtOH]" ™
guenching molecules are required to deactivate an excited state mi(n — m)!
by treating it as a one-dimensional random walk with a trap.

The kinetic scheme given in Scheme 1 has been applied to theThe time evolution of this initial concentration distribution is
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Figure 4. Fluorescence decay profiles and excitation pulse profild faraqueous ethanol at water mole fractions of 0.0, 0.69, 0.83, 0.93, and 1.0.
The decay profiles are all fitted with a single-exponential decay (full line). Time scale 0.0488 ns per channel.

calculated by multiplying these concentrations (in the form of 0.4
a row matrixC) by a reaction rate matriR where ] ;
Ap Jor O 0 0 koAt 503 ol
Jo A1 Ji2 O 0 kAt 2 °
0 Jz]_ A22 J23 * 0 kgAt ::/02 .
b (J
R = . § (]
. . % 01 .
. e e & ‘Hﬂ
. . . . . Ann knAt f r m(E
o o0 o o0 - - 0 1 04— —

The J terms represent the probability that the excited species
undergoes an exchange of a solvent molecule in the time interval
At and are given by

‘Jm,mH [H O]

2 kdlff

I [EtOH]

) kdlff

wherekyi; is the diffusional rate constant (estimatedTés x
108 s71).27 The A terms give the probabilities that the excited
species remain unchanged during the time inteAtaand are
thus given by

Amm

=1-1J

- mm-1 "~ m m+1 I(mAt

0 0.102030405060.70809 1
Mole fraction water

Figure 5. Variation of the nonradiative rate constant fioin aqueous
ethanol (circles) and deuterated water/deuterated ethanol mixtures
(squares).

built up by repeating the matrix multiplication procedure for
various values of.

All the matrix multiplication was undertaken using MathCad.
The values of the rate constards. k,—1 were assumed to be
equal to the sum of the radiative and nonradiative rate constants
of each naphthalimide in ethanol or ethadplwhile k, was
assumed to be equal to the sum of these two rate constants for
the naphthalimide in water or deuterated water. Various values
of At were used in the initial calculations, but it was found that
a At value of 1 ps was sufficiently small such that further
reduction of its value gave no change in the excited state

The concentrations of the various excited species at some timeconcentration versus time profile. A series of calculations were

t after the initial excitation are then given IBR*, wherea =
t/At. A profile of excited concentration with time can thus be

then carried out for each naphthalimide at each solvent
composition in each of the two binary solvent systems to
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SCHEME 1
k k
N o NS L IN N*...S, M NS,
(k—— <T_— T koo
10 21 32
N ko { kg 1 ky 4 ky
— B _—) ......... _—)
N e NS NS - N---S,
8 enhanced nonradiative decay, the amount of excited state energy
] ,/_.-* that has to be dissipated is on the order of 20 650cfor 1
7 //f/ and 21 000 cm! for 2 (calculated by taking the average of the
] / energies for the absorption and emission maxima). If this energy
6 // were dispersed equally among the cluster of water molecules,
g ] // each one would receive on the order of 3000 &mThis value
£ 5 ,/ is similar to the fundamental vibrational frequencies of the
g ] / symmetric (3651.7 cmt) and asymmetric (3755.8 cr)
4 stretching vibrations of watétand suggests that the excitation
energy of the naphthalimide may be dissipated into the stretching
3 modes of a cluster of water molecules, each one receiving one
) guantum of vibrational energy. A similar concept has been
0 010505 04050607 08001 previously adva}nced by lFster.and Roko?@ to help explain
Mole fraction ethanol the photophysics of 1IN,N-dimethylamino)naphthalene-5-
sulfonate: “...a coupling between the electronic motion within
the dissolved molecule and the nuclear motion of one or more
6.5 solvent molecules. If ...this coupling is very strong, it might
6 L provide a mechanism for the transformation of electronic
L~ B excitation energy into vibrational energy of the solvent and, thus,
5.5 // = lead to radiationless interconversion”. However, as far as we
- 5 % = are aware, no one has previously attempted to calculate the
Eu4s ) % number of solvent molecules that might be involved in the
fg’ 4 // interaction.
%’ v If the same concept applies in the mixture of deuterated
3.54 solvents, at least eight molecules of deuterated water would be
34 required to dissipate the excited state energy from the two
25 naphthalimides. This compares with the values of 20 and 18
ol | I for 1, and2, respectively, calculated on the basis of the model.

0 005 0.1 0.15 0.2 025 0.3 0.35
Mole fraction ethanol
Figure 6. Comparison of experimental and calculated lifetimesIfor

forn=26, 7, 8, and 9 (a) over the whole range of solvent composition
and (b) at higher water contents.

determine the concentration versus time profile as a function
of the number of solvent molecules that could be associated
with each naphthalimide molecule (see Scheme 1).

The first result to note is that this model predicts exponential

decays for all the calculations undertaken, an outcome that is

in accord with the experimental observation of single-
exponential fluorescence decay profiles in all the solvent

mixtures used. In ethanol/water mixtures, the best agreement

between the experimental and calculated lifetimesIfavas
found for ann value of 7 (Figure 6). For compour&in values

There is obviously considerable discrepancy between these
values, which may indicate that the model is inappropriate.
However, it is noticeable that the enhancement of the non-
radiative decay is much less in the deuterated solvents than in
normal water and ethanol. This has the dual effect of making
it more difficult to distinguish between the quality of agreement
between the experimental and calculated data as the number of
associated solvent molecules is changed, and it also means that
the effect of errors in the measured data is enhanced. Both
these effects indicate that less confidence can be placed in the
results obtained from the model for the number of associated
solvent molecules required for the enhancement of nonradiative
decay in the deuterated solvent mixtures.

It is noteworthy that the deuterated solvents are much less
efficacious at enhancing the nonradiative decay than the normal

of 7 or 8 gave very similar levels of agreement between aqueous ethanol mixtures. Comparison of the nonradiative rate
calculation and experiment. In the deuterated solvent mixtures, constants fofl and2 in water and deuterated water reveals that
much higher values of n were required for the calculated K is a factor of 3.6 greater in water than deuterated water for
lifetimes to match the experimental ones= 20 in the case of 1 and a factor of 3.34 greater f@ The corresponding ratios
compoundl andn = 18 in the case of. in ethanol and deuterated ethanol are 1.43 and 1.4% #ord

On the basis of this model, these calculations indicate that in 2, respectively. These values are very similar to those noted
ethanol/water mixtures, a naphthalimide molecule associatedby Sadkowski and Fleming for the, ratio in 1,8-anilinonaph-
with seven or eight water molecules acts as the “trap” in which thalene sulfonate (3.1 for /DO and 1.4 for EtOH/EtO)
nonradiative decay is enhanced. If we assume that the naph-and for the fluorescence quantum yield ratids H,O/D,O for
thalimide is deactivated back to the ground state by this 5-aminonaphthalene 1-sulfonate (ratio 3.04) and 8-aminonaph-
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thalene 1,3,6-trisulfonate (3.70), suggesting that a similar (2) Slavik, J., Ed.Fluorescent Probes in Cellular and Molecular
mechanism may operate for these compounds. Biology, CRC Press: Boca Raton, 1994.

If the idea that the excitation energy is dissipated among the  (3) Cundall, R. B.; Dale, R. ETime-Resaled Fluorescence Spectros-
stretching vibrational modes of the cluster of associated water S°PY I Biochemistry and Biologplenum Press: New York, 1983.
molecules is correct, then we can look upon these stretching () AHassan, K. A; Rettig, WChem. Phys. Let1986 126 273.
vibrations as the “promoting modes” for the nonradiative  (5) Fainberg, B. D.; Huppert, DI. Mol. Liq. 1995 64, 123.
transition in a manner similar to that adopted by Siebfam (6) Marcus, Y.J. Chem. Soc., Perkin Trans1®94 1015;Ibid. 1994
his treatment of nonradiative transitions in aromatic hydrocar- . -
bons. In these compounda distinct deuterium isotope effect 1063714 Acrae, . E. 1" Wiikins, D. C. Tuoker, S A Grfin,
is observed. The FranelCondon factors associated with the 3. m.; Powell, J. RJ. Phys. Chem1994 98, 2537.
transition are greatly reduced upon deuteration, which affects (g) ganerjee, D.; Laha, A. K.; Bagchi, $.Chem. Soc., Faraday Trans.
the rate constants for the nonradiative transitions. The same1995 91, 631.
effect appears to operate here. (9) Zana, R.; Eljebari, M. JJ. Phys. Chem1993 97, 11134.

We are continuing our studies of these systems to expand (10) Li, Y.-H.; Chan, L.-M.; Tyer, L.; Moody, R. T.; Himel, C. M.;
the range of structures under consideration, for instance toHercules, D. M.J. Am. Chem. Sod 97§ 97, 3118.
determine whether the addition of substituents onto the 4-amino  (11) Kosower, E. MAcc. Chem. Re<982 15, 259.
group has an effect on the photophysics in these aqueous (12) Ebbesen, T. W.; Ghiron, C. Al. Phys. Chem1989 93, 7139.

alcohols. (13) Kokubun, H.Bull. Chem. Soc. Jpri969 42, 919.
. (14) Kasama, K.; Kikuchi, K.; Nishida, Y.; Kokubun, H. Phys. Chem.
Conclusion 1981, 85, 4148.

; ; (15) Kikuchi, K.; Kasama, K.; Kanemoto, A.; Uji-ie, K.; Kokubun, H.
The observed decrease in the fluorescence gquantum yleldsJ_ Phys. Chemi985 89, 868.

and Ilfetlmgs of two 4-am|nonaphthallm|dgs n aqu§0u§ ethanol (16) lto, O,; lto, E.; Yoshikawa, Y.; Watanabe, A.; Kokubun,JHChem.

can be attributed to increased nonradiative deactivation as theg_ Faraday Transl996 92, 227.

proportion of water in the solvent increases. The increase in (17) Lee, J.: Griffin, R. D.: Robinson, G. W.. Chem. Phys1985 82

the nonradiative rate constant is not a linear function of the 4920.

water concentration, and the experimental data have therefore (1g) Lee, 3.J. Am. Chem. Sod989 111, 427.

been analyzed in terms of a model involving multiple quenching  (19) agmon, A.; Huppert, D.; Masad, A.; Pines, EPhys. Chen.991,

species developed by Moore efalln ethanol/water mixtures, 95, 10407.

a cluster of some seven or eight water molecules is required to  (20) Than Htun, M.; Suwaiyan, A.; Klein, U. K. AChem. Phys. Lett.

effect the quenching, possibly corresponding to the excitation 1995 243 471.

of one quantum of a stretching mode in each water molecule. (21) Than Htun, M.; Suwaiyan, A.; Klein, U. K. AChem. Phys. Lett.

Similar results are observed in deuterated solvents, although1993 243 506.

the observed increase in the nonradiative decay is smaller and_ (22) Alexiou, M. S.; Tychopoulos, V.; Ghorbanian, S.; Tyman, J. H.

the number of deuterated water molecules required to effect the” BroWn R. G.; Brittain, P. . Chem. Soc., Perkin Trans, 29 837.

enhancement on the basis of the model is rather larger than (23) Yuan, D. Ph.D. Thesis, University of Central Lancashire, 1994.

would be expected if one quantum of a stretching mode was ~(24) Olmsted, JJ. Phys. Cheml979 83, 2581.

excited in each molecule. The behavior noted here is similar _ (25) O’Connor, D. V.; Phillips, D.Time-correlated Single Photon

to that observed for other systems such as the aminonaphtha—Countlng Academ'C_PreSS: Londo_n’ 1984. _

lenes, aminonaphthalene sulfonates, and acridine, and it isFagg;ysﬁgrrg‘_’v’z%éaBg’%”"”z'z%_e" Bvans, E. H.; Shaw,JDChem. Soc.,

Pnoasrfrlltélfsti[r]]?i:;rhﬁ) ?ﬁ;? ;r(;;g'?esde hSeyrSet.emS could be treated in a364(1287) Moore, R. A.; Lee, J.; Robinson, G. W. Phys. Cheml985 89,
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