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Abstract: Fluorescence spectra dfans1-(2-naphthyl)-2-phenylethene (NPE) obtained at different excitation
wavelengths and tm-butylamine (TBA) concentrations in methylcyclohexane are resolved into four distinct
components by application of principal component analysis with self-modeling. Two of the components are the
NPE conformer fluorescence spectra, and the other two are the correspondintBdREciplexes. Pure component
combination coefficients are based on optimization of glohal{ndependent) SterrVolmer plots for the monomers

and exciplex fluorescence plots for the exciplexes. Conformer-specific fluorescence quenching rate constants by
the amine are obtained for the first time. These are indistinguishable from the corresponding exciplex formation
rate constants. Fortuitously, the Steiolmer constants for the two singlet excited conformer/TBA interactions
differ by only ~25%, revealing high conformer selectivity by TBA. This selectivity is consistent with the large
shift between thélnax of the two exciplex fluorescence spectra which reveals the more favorable (2.9 kcal/mol)
reduction potential of NPE the less extended conformer.

Quenching of aromatic hydrocarbon fluorescence by amines In 1,2-diarylethenes with unsymmetrical aryl substituents,
is a well-documented phenomenon. When singlet excitation rotation about the essential arylinyl single bond leads to an
transfer is energetically unfavorable, the amine functions as theequilibrium mixture of distinct ground-state conformers. An
electron donor in a charge transfer interaction that often leads excellent review of the photophysical manifestations of rota-
to the formation of an exciplex with characteristic structureless tional isomerism in such molecules appeared recéntand
emissiont The photochemistry and photophysics of such earlier reviews are also availals®e’-8 Electronic excitation of
systems are especially rich when 1,2-diarylethenes are employecsch molecules often sufficiently reverses single/double bond
as the hydrocarbon partners. In such systems, exciplex forma-order to convert freely equilibrating ground-state conformers
tion is accompanied by diminished or enhanced trais into non-interconverting excited molecules with different struc-

photoisomerization of the olefinic double bond which can also tureés and properties. When these molecules participate in
become involved in addition reactions. The consequences ofcharge-transfer interactions with appropriate quenchers, forma-

interactions between the lowest excited singlet statgaofs tion of (_jistinct conformer-specific exciplexes i_s expected.
stilbene and ground-state aliphatic amines have been investigatetlj:zoramer'sm has been studied most thoroughlyrams-1-(2-

extensively?3 Especially notable are the studies by Lewis and
co-workers that have also led to an exploration of the synthetic
potential of intramolecular interactions of the styrene/arhine
and stilbene/amirtepartners.

naphthyl)-2-phenylethene (NPE)12 This paper presents a
guantitative evaluation of the interaction of the lowest excited
singlet states of NPE with tn-butylamine (TBA) in terms of
the behavior of its two non-interconverting excited rotamers.
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Materials. Sources oftrans-1-(2-naphthyl)-2-phenylethene and
methylcyclohexane (MCH) were previously descriB&dTri-n-butyl-
amine (Aldrich, 99%) was distilled from mossy zinc under reduced
pressure immediately before use.

Absorption and Fluorescence Spectra.Spectrophotometers em-
ployed in this work were previously describ¥dFluorescence spectra
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were measured either in the flow cell system using Ar-outgassed procedure was employed in the preliminary part of this work
solutions? or in degassed (five freez@oump-thaw cycles) quartz cells. in defining the pure exciplex fluorescence spectseaBd B.1°
The temperature of fluorescence samples was maintained af@5.0  The exciplex edge of the tetrahedron is defined as a least-squares
using a Neslab RTE-4DD refrigerated circulating bath and was ine through points corresponding to the pure exciplex portion
monitored by means of an Omega Engineering Inc. Model 199P2 RTD ¢ 050y spectrum. The procedure employed to achieve linear
digital thermometer equipped with a HYP-4RTD hypodermic préibe. least-squares fitting in 4-D space will be demonstrated first in
Results 3-D space, where it is more easily visualized. A line in 3-D
) ) space can be defined by a direction vector and a single point

Mathematical Procedures. Resolution of fluorescence  through which the vector must pass. Projections of a line in
spectral matrices, each limited to a singlg, into monomer ¢ 3., space onto two of the three Cartesian planes generates
and exciplex mixture spectra was achieved by principal com- yyq slopesgs, that can be used to define the direction vector.
ponent analysis with self-modeling (PCA-SM) as previously Fqr instance, if projected lines in thgd anday planes have
described? The_ Lawton and Sylvestre self-mpdeling Proce-  sjopess,; ands,,, the direction vector is given by @.g,S.).
dure-3 su_cceeds in these two-component resolutions as monomerany point (a,3;,yi) whose projections fall simultaneously and
and exciplex spectra exhibit wide wavelength regions at the axactly on the least-squares lines in the two selected planes also
onset (monomer mixture) and tail (exciplex mixture) portions fa)| exactly on the 3-D line and can be used in conjunction with
where each mixture component contributes unigéélyThe the direction vector to define the line. Stepping along the line
validity of these two-component treatments depends on the :3n commence at such a point by use of a set of parametric

extent to which monomer and exciplex compositions at each gquations that are based on the two-coordinate plane slopes
Aexc are fortuitously independent of [TBA].

When spectra at alleyc are treated together, PCA identifies oa=t+q (3a)
a four-dimensional (4-D) coordinate system whose axge§,
y, and 0 correspond to combination coefficients of the four B=syutt+ B (3b)
orthonormal eigenvecto4,, Vg, V,, andVs, respectively. Each
experimental spectrur§ is given by a pointd,3i,yi,0i) in this Y =S,t (3c)
4-D space that corresponds to a linear combination of the four
eigenvectors wheret is the stepping parameter.

Likewise, when a set of combination coefficients,£i,yi,0:)
S=oV, Vst vV, 6V (1) can be obtained that falls on a straight line in 4-D space, a

direction vector can be based on the slopes of least-squares lines
The normalization condition of the spectra in the matrix ensures through the points projected on three of the coordinate planes.
that all such points must fall within am,j3,y,0 normalization These slopes can be used as above to define the 4-D line as a
tetrahedron defined by set of four equations with a common stepping parameter.
Although the choice of coordinate planes would be arbitrary if
n " . " " all data points fell exactly on the edge of the tetrahedron, some
ZSJ = aZVaj +p Zvﬂj + VZVyj + 5ZVaj (2) care must be exercised in performing least-squares fitting when
= = = = = points with significant deviations from the projected line are
involved. Generally, projected lines with steep slopes should

The four apexes of the tetrahedron are the combination be avoided because the least-squares procedure employed in
coefficients of the four pure component spectra, two of which, _ . - - 9 P jure employ
fitting a line through points on the,S plane minimizes the

NPEx and NP, are known at 30.0C from previous work2 !

The four sides and six edges of the tetrahpedron correspond tovalue of 3(8 — pi)>. When changes im; values are much
the four possible combinations of three-component mixtures andsmall'e.r ”.‘?” changes ), a better f2|t is obtained if it is based
to the six possible combinations of two-component mixtures, on minimizing the value o (« N @). The usual I(_east-sqgares
respectively. PCA treatment of fluorescence spectra obtainedIOrOCeOIure can be_ fo_rced to t.h'.s result by replacimg() W'th.

in the absence of quencher defines two principal eigenvectors(ﬁ"a‘)' Parametric lines defining thg monomer %nd exciplex
as previously described. Least-squares fitting of the eigen- edges of the tetrahedron can be defined in this Way.

vectors to the exciplex free portion (32878 nm) of each NPE Fluorescence Spectra at Severa_u_,xc and .[TBA]' A
spectrum obtained in the presence of TBA allows extrapolation set of fluo_rescence spectra (32650 nm |n_1-nm increments)
of the monomer part (NBENPEs) of the spectrum over the WaSG obta}lned from e|g.ht. degassed sqluuons of NPFT (68
entire wavelength range. The difference between each experi-_}_gA.M[)TE A'}AC;I (():org)t%?l?n?g ?gsfggovgrlge;gnlcsegtrgtlzoonks of
mental spectrum and the corresponding monomer spectrumo 25' 4030 M .C ’I.' i ' d. i : ,'bI. h,t i
generated from the monomer eigenvectors defines the pure™” %, and 0.30g M. Complications due to possible photo

exciplex part of the spectrum. This procedure projects each [)eaféfgrfjilr? tzesfnoﬂész cgc:?lfmrr}iﬁs's%rli?()ennstsc;vri:?nriglnl'rlleliZ:d
spectrum obtained in the presence of TBA first onto the y 9 gie sp 9

monomer edge and then onto the exciplex edge of the at each of the followingexs 318, 333, 340, 347, and 355 nm.

tetrahedron. The four-component spectral matrix is effectively Dypllcate spe_ctra at thesi,: were recorded for the solution
reduced to two two-component matrices, and the search for pureWIth [TBA] = O for a total of 45 spectra. Eure SO'Ve'.“
component combination coefficients is performed along two background spectra were _employed f°F baseline correction.
separate normalization lines. These corrections were satisfactory pr_owded that the Rayle_lgh
Alternatively the search for the pure component combination scattered-light peak from the solvent did not overlap the region
coefficients can be performed by moving along the two- of the fluorescence spectrum. T_he onset of_ spectra for Io_nger
component edges of the tetrahedron in 4-D space. This’l‘?mwe_re furthercorr(_acted for r_eS|duaI Rayleigh scattered-light
distortion by employing the eigenvectors from a set of NPE

(13) Lawton, W. H.; Sylvestre, E. ATechnometricsl971, 13, 617— spectra obtained at sho#ey. This procedure has been
633.
(14) Sun, Y.-P.; Sears, D. F., Jr.; SaltielAhal. Chem1987, 59, 2515~ (15) Choi, J.-O. Ph.D. Dissertation, The Florida State University,

2519. Tallahassee, FL, 1992.
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NPE portions of fluorescence spectra for differégt and [TBA]. The
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Limits based on SV constants from the treatment of exciplex fluores-
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Figure 1. Effect of TBA on NPE fluorescence at 2& in MCH at
Aexe= 355 nm (see text for [TBA] values; the spectra are not correcte
for nonlinearity in instrumental response).

0.25 [ e
cence ©) and on the 30C spectra from ref 9 are also show#)(
0.20 1 The resolution of NPE and NPE spectra was achieved by
N applying the SternVolmer (SV) constant constrafiton a
Z 015 . spectral matrix consisting of the monomer spectra for [TBA]
£ = 0 and the decomposed monomer portions of all other spectra.
£ o010 1 Although all spectra were used in deriving the eigenvectors,
;3 spectra for [TBA]= 0.10G and 0.302 M were omitted from
the SV optimization treatment. A TBA concentration error was
0.05 ] suspected for the [TBAF 0.10G: M solution, and possible
exciplex quenching by the amine could be operative at [TBA]
0.00 preefommi®™ e = 0.302 M. The normalization line for this matrix is shown
325 350 375 400 425 450 475 500 525 550 575 600 625 650 in Figure 4. As described earliétthe SV constraint relies on
A (nm) the requirement that the correct resolution of monomer spectra
Figure 2. Spectrum for [TBA]= 0.302 M from Figure 1 resolved  should lead tolexcindependent SV constants/” andKsyB.
into composite monomer and exciplex contributions. The location of the combination coefficientes3a) of the
e fluorescence spectrum of NREon the normalization line in
0.20 ' ’ ] Figure 4 is defined by minimizing the uncertaintyka\? using
F(B° = Ba)
0.16 : A+ B
g o012 1
o whereF° andF are areas of the fluorescence spectra (prior to
%‘ 0.08 - normalization) ang3, and 5 are coefficients of spectra for a
& specific Aexc in the absence and in the presence of TBA.
0.04 ] Likewise, minimizing the uncertainty irKs\® defines the
combination coefficients of NRE To succeed the method
0.00 , e requires thaksy* = Ks\®. Standard deviations from the global
325 350 375 400 425 450 475 500 325 550 375 €00 625 650 SV lines are plotted as a function ffin Figure 4. The minima
A (nm) correspond to the global SV plots shown in Figure 5. The
Figure 3. Monomer and exciplexx10) contributions for the spectra dem_’ed pure component fluoresc_:ence spectra Qfmﬂ N_P@
in Figure 1. are in very good agreement with those obtained earlier at 30

°C by using Q as the quenchéf They show somewhat better

previously describet® The set of background-corrected spectra resolved V|brat|(_)nal structure, probably reflecting tH&Sower

for Jexc = 355 nm is typical (Figure 1). temperature (Figure 6). _
Ea and Eg Fluorescence Spectra. PCA on a matrix

NPE, and NPEg Fluorescence Spectra.PCA on a matrix consisting of the exciplex portions of the spectra as a function
consisting of the 10 NPE fluorescence spectra in the absence 9 plexp P

of TBA gives two significant eigenvectors that allow the SL rﬁexgnirx: E—Et'g‘]m e.gsli Eli%g;entséisgr?\%sctghr:t ;nés tr?et\::\l(())r-re-
decomposition of spectra in the presence of TBA into monomer s onpdin nor)r/nalizeition gline are sk?own in Fiqures 7 and 8
and exciplex parts by employing least-squares fitting (320 P '9 . 1 In FIg L ’
378 nm), as described in the Mathematical Procedures. Therespectlvely. The locations of the comblqatlgn cqefﬂuents for
decomposition of a representative spectrum is shown in Figurethe two pure components on the normalization line are found

; on the basis of the premise that SV constants for exciplex
2. Deconvoluted monomer and exciplex spectralfgs= 355 . )
nm are shown as a function of [TBA] in Figure 3. formation should béexrindependent (see eq 11 below). The

resulting pure component exciplex spectra are shown in Figure
(16) Saltiel, J.; Zhang, Y.; Sears, Jr., D. F.Am. Chem. Sod99§ 9. They are clearly consistent with the Lawton and Sylvestre
118 2811-2817. non-negativity constraif€ As before, spectra for [TBAE
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Figure 7. Significant eigenvectors from the matrix of resolved
composite exciplex fluorescence spectra at diffefigatand [TBA] in
MCH at 25°C. The four largest eigenvalues are 0.2960, 0.1%88
1072, 0.9995x 1074, and 0.4150x 1074, respectively.

0.1007 M were not included in this analysis. Also excluded

from this analysis were spectra for the highest [TBA] because

of possible TBA quenching of exciplex emission at this

concentration.
The Four-Component System. PCA was applied to a
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sections (Figures 6 and 9) were generated by taking dot products
of these spectra with each of the four eigenvectors in Figure

spectral matrix consisting of all experimental fluorescence 10. The pure component combination coefficients define the
spectra. Resulting significant eigenvectors and the correspond-corners of a tetrahedron in combination coefficient space, which
ing eigenvalues for the four-component system are shown inis shown in ¢,5,y) space in Figure 11 [wher(3,y) is fixed,

Figure 10. Combination coefficientsy(si,y;,0i) for the de-

o0 is defined by eq 2]. The tetrahedron is analogous to a 4-D

composed monomer and exciplex parts of the spectra and forphase diagram with the location of the combination coefficients
the pure component spectra derived in the preceding two of each spectrum giving the fractional contributiong,(j =
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Figure 11. Combination coefficients for the four-component global
matrix plotted ino.,3,y space. The figure shows the tetrahedron defined
by the four pure component spect®)( Combination coefficients for
the experimental spectra used in the resolutions are designated by
spectra designate¢ and O were not used due to suspected [TBA]
error and exciplex fluorescence quenching by TBA, respectively.

Ma, Mg, Ea, Eg, where M and E designate monomer and
exciplex, respectively), of each pure component to ithe
spectrum

S = Xim, S, T XS, T %, S, T %, S, ()
and
o Oy, B, Ym, Owm, | [¥m,
Bil %, Bu, Ymg Owmg | [Xim, ©)
Vi o, P, Ve, Ok, ||,
o og, Pe, Ve, Og, ||%e,
Discussion

Effects of electron-donating amines, acting through charge-
transfer interactions, on NPE fluorescence and trangis
photoisomerization were first reported by Aloisi, Mazzucato,
and co-workerd? SV constants for fluorescence quenching

increased with a decrease in the ionization potential of the amine,

Saltiel et al.

The exciplex fluorescence lifetime, 21 ns fag, = 510-530

nm and [TBA]= 0.49 M, showed a systematic decrease 6f 10
15% on changinglem from 530 to 450 nm. While these
observations were promising, they fell short of establishing
conformer-specifiksy/ values and resolved exciplex fluores-
cence spectra. Subsequent studies on the interaction of related
1,2-diarylethenes singlet excited states with amines have also
failed to yield intrinsic conformer propertiég.

Our earliest attempt to apply PCA-SM on the fluorescence
spectra of the NPE/TBA system in MCHMfailed, in part,
because it was based on an incorrect resolution of N&isl
NPEs fluorescence spectfd?! A later attempt, based on the
correct resolution of NPEand NPE fluorescence, succeeded
in the resolution of the two pure exciplex fluorescence spectra,
Ea and B, based on the Lawton and Sylvestre non-negativity
constraints? but resulted in an erroneous, complicated analysis
of the dependence of the fluorescence quantum yields of the
four components on [TBA}> That study employed the flow-
cell system and Ar-outgassing and was flawed due to incomplete
outgassing of the reference solution of NPE in the absence of
TBA. The present study avoids complications due to adventi-
tiously present @by employing carefully degassed solutions.

It succeeds in defining intrinsic conformer-specific rate constants
for INPE*/TBA interactions.

Mechanism and Kinetics Parameters. The strict adherence
of NPE conformers to Havinga’s NEER (nonequilibration of
excited rotamers) principté is firmly established: 812 The
simplest mechanism that will account for the observations
reported here is shown in Scheme 1. We adopt the Birks
notation for the rate constaftssuch that subscripts m and e
represent NPE monomer antNPE*/TBA) exciplex and all
other symbols have their usual meanings. The composite
behavior of NPE fluorescence at a specifig: as a function of
[TBA] is given by

o

)

= [ x(1+Ksy[TBA) ]
f [l

and NPE-fluorescence quenching was accompanied by thewhich is analogous to a previously derived expressfoiThe

appearance of exciplex fluoresceréeEnhanced photoisomer-
ization was attributed to NPE triplet formation via exciplex
intersystem crossing. The possibility of differential NPE
conformer behavior in such quenching interactions was first
considered in a subsequent study by Das and co-wotk@ise
latter study included the system of the present investigation
(NPE/TBA in Ar-outgassed MCH at unspecified ambient
temperature). Evidence for conformer-specific quenching in-
teractions was sought in the excitatiotax, and monitoring
wavelengthiem dependencies of effectisy values (the bar

designates a composite quantity reflecting the behavior of the

mixture) andze's, exciplex fluorescence lifetimes. Observed
effects were, however, subtle. Specifically for NPE/TBA in
MCH the effectiveKsy (lexc = 330 nm) changed from 18.5 to
19.5 M1 and the effectivéKsy (Aexc = 345 nm) changed from
17.0 to 19.8 M on changinglem from 384 to 362 nm. While
all theseKsy values are well within thet15% experimental

uncertainty, a much larger effect was claimed when an unspeci-

fied longeriexc was employed:RgV =10.5 M1 for Ae;m= 395
nm. Of greater significance was a shift of the exciplex
fluorescencélmax as Aexc Was changed to longer valuegmax

= 465 and 472 nm alexc = 330 and 360 nm, respectively.

(17) (a) Aloisi, G. G.; Mazzucato, U.; Birks, J. B.; Minuti, 0. Am.
Chem. Socl977, 99, 6340-6347. (b) Aloisi, G. G.; Bartocci, G.; Favaro,
G.; Mazzucato, UJ. Phys. Cheml198Q 84, 2020-2024.

(18) Wismontski-Knittel, T.; Sofer, I.; Das, P. K. Phys. Cheml983
87, 1745-1752.

bars over the symbols in eq 7 again designate quantities that
reflect the behavior of the conformer mixtulésy' = peKeTmi

is the SV constant of théh conformer wheregps = (1 +
k-_e7a) ™t With 74 = (ki + kisa) ™! is the fraction of!'Ej* that
does not return tdM;*. The fractional contribution of théh
conformer to the fluorescencr, is given by

fidtmi”

¢fm°
wherefi = A/A is the excitation fraction of thih conformer,
¢mi° is its intrinsic fluorescence

zfi(bfmiD = (Efmo

% (8)

©)

quantum yield in the absence of quencher, @gl° is the
conformer mixture fluorescence quantum vyield all at the

(19) See e.g.: (a) Alaisi, G. G.; Elisei, F.Phys. Cheml99Q 94, 5813—
5818. (b) Elisei, F.; Aloisi, G. G.; Mazzucato, U. Phys. Cheml99Q 94,
5818-5823.

(20) Eaker, D. W. Ph. D. Dissertation, The Florida State University,
Tallahassee, FL, 1984.

(21) saltiel, J.; Eaker, D. WI. Am. Chem. S0d984 106, 7624-7626.

(22) For areview. see: Jacobs, H. J.; Havingghd. Photochem1979
11, 305-373.

(23) Birks, J. B.Photophysics of Aromatic Molecule#/iley: London,
1970.
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small that in our preliminary PCA treatment of NPE fluores-

from a nonlinear least-squares fit of quenching data to eq 7 failed cence spectra, obtained at constagntbut with varying [TBA],
even when applied to the fluorescence of a model mixture of the eigenvalues suggested two-component systén®nly

anthracene and chryseH&* Recently, however, this method
has been reported to succeed in another sydtem.

examination of the shapes of the third and fourth eigenvectors
from such spectral matrices shows this conclusion to be less

The successful resolution of the fluorescence spectra into theirthan valid. Nonetheless, these two-component treatments

individual components provides the advantage of allowing

succeed in yielding resolved spectra corresponding to average

application of simple kinetics expressions to the fluorescence mixtures of monomer and exciplex at eatdyc based on the

of each component separately

P’ gy Ke, [TBA] (10)
d)fmi
1_ 1 1
= =1+ — 11
Prei ¢fei°\ Ksv [TBA] ()

wheregri® = kieiTq iS the limiting fluorescence quantum yield
of theith exciplex at high [TBA], i.e.KsV/[TBA] > 1. In fact,
it is this requirement that guides the PCA resolution of the
spectra in the first place.

Pure Component Fluorescence Spectra.The success of
the SV constraint in defining the combination coefficients of

NPEx and NPE fluorescence spectra (Figure 4) is a pleasant
surprise. The earlier resolution was based on highly unselective

essentially diffusion-controlled £uenching, and consequently,
the intrinsic pure conformeKsy values differed by more than
a factor of 512 This large difference mirrors the difference in
the fluorescence lifetimesif,, = 3.4—3.7 ns andrimg = 19—

24 ns at room temperatdrand tima = 3.7—3.9 ns andg, =
21.5-23.0 ns in the 308305 K rangé® have been reported in
MCH for NPEs and NPE, respectively) of the two conformers
and leads to large changes in fractional contributignandxi,
with [O2]. The corresponding large changesgiin eq 4 with
[O2] make the SV constraint an especially sensitive criterion in
defining the pure component combination coefficients. In the
case of [TBA], however, the work of Das and co-workéend
our early observatioA®20 indicated very similaKs,/ values.
Actually, the quencher-induced variation of thein eq 6 is so

(24) The apparent quenching rate constpats; are replaced by a more
complex term when reversible electron transfer is explicitly included in
the IM;*/TBA encounter complex®

(25) Indelli, M. T.; Scandola, FJ. Am. Chem. S0d.978 100, 7733~
7734.

(26) Burstein, E. APhotochem. Photobioll996 63, 278-280.

Lawton and Sylvestre non-negativity constraint. These solutions
would be exact ifKsy* = Ksy® were obeyed. The slope to
intercept ratios of the global SV plots in Figure 5 gike/ =
22.24 1.2 Mt andKs\® = 30.04 1.6 M1 that are surprisingly
close in magnitude. Remarkably, a mere 26% difference in the
Ksv values suffices for a successful spectral resolution based
on the SV constant constraint (Figure 4).

On the basis of the mechanism in Scheme 1, the correct
locations of the combination coefficients of Bnd E on the
normalization line in Figure 8 should result in resolved areas
of each exciplex as a function of [TBA] that adhere to eq 11
independent ofex. Resolved exciplex fluorescence ardas,
at eachlexc Were converted to fluorescence quantum yields by
using NPE and NPE as standards

XF
¢fei - Xm ¢fml° (12)
where
ﬂ ﬁmB
° 13
XmA ﬁmA ﬁmB ( )

is the fractional contribution ofNPEA* fluorescence defined
in Figure 4 at a specifiedex at [TBA] = 0, and

ﬂ ﬂeB
ﬁeA ﬁeB

gives the fractional contribution 8Ex* fluorescence at the same
Aexca@nd at a specific [TBA]. The search for the pure component
combination coefficients on the exciplex normalization line in
Figure 8 is performed by steppiffaa andSes in turn so as to
minimize the standard deviation of global exciplex plots (Figure
12). Intercept to slope ratios of the optimum plots gitg/

Xen = (14)
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Figure 12. Global exciplex fluorescence plots based on eq El:
(closed) andEg (open) points define the upper and lower lines,
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more care should be exercised to ensure completee@oval
when this method is employé#?18.20

Conformer Specific Reactivity. In the initial PCA resolution
of NPEx and NPE fluorescence spectra, the SV constraint was
based on @quenching of the fluorescenég. The choice of
O, was dictated by the desire to maximize thg\@/Ks\*) ratio
in order to ensure the successful application of this constraint
in defining the pure component combination coefficients. Since
0O quenching is diffusion-controlled], the large difference
between the fluorescence lifetimes of the two conformers should
be reflected fully in the SV constant ratio leading to highly
differential quenching of the two emissions. Indeed, the
resulting quenching rate constankge,® = (3.51 + 0.24) x
101° M7t st andkge® = (3.50 £ 0.23) x 10°° M1 stin
MCH at 30°C are indistinguishable from each other and from
the diffusion-controlled limi€® Although of key importance

respectively; points designated by squares and diamonds were not usego the resolution of the pure conformer spectra, this initial

in optimizing the fit to the lines (see text).

®o/P

1

0.10

0.25 0.30

L Il
0.15 0.20

[TBA], M

Figure 13. Composite SV plots for monomer fluorescence quenching
at dexc 318 @), 333 (), 340 (#), 347 (©), and 355 nm M),
respectively. Lines are calculated using eq 7 Eegs from Figures 5
(—) and 12 (- - -), respectively.

1
0.00 0.05

= 19.9+ 4.0 Mt andKsy® = 30.1+ 4.3 M1 in excellent
agreement with the values obtained from the monomer SV plots
(Figure 5). Points for the highest [TBA] show small upward
deviations from the global exciplex lines, hinting the onset of
guenching of the exciplexes by TBA. Such quenching is a well-
documented phenomenon for arene/amine systén@bserva-
tions of diminishedrans-stilbene/TBA exciplexps andts in

benzene as [TBA] is increased to concentrations well in excess

of those employed in our work are especially relevént.

An independent check of the self-consistency of the derived
SV constants is afforded by eq 7. Since #hare known as a
function of ey, theKsy/ values can be used to predict the [TBA]
dependence of observed composite fluorescence quantum yield

The agreement between predicted and observed values is shown

in Figure 13. It is especially gratifying at the longéy. for
whichxa is larger. The small systematic deviations of the points
from the calculated line fokexc = 318 nm suggest either that
our Ks\® is somewhat overestimated or that a small error in
Aexc has resulted in an incorrecty, for this wavelength.
Improved agreement is obtained #g,® = 29.0 M1, a value
well within our experimental uncertainty. However, the NPE
fluorescence spectrum that is predicted if tKis,® value is
chosen is inconsistent with the spectrum obtained atG&?
The nearly parallel plots in Figure 13 illustrate the small range
of effectiveKsy values despite the considerable rangg.iWe
also note that ouKsy values are substantially higher than those

determination of conformer specific bimolecular rate constants,
involving a common quencher, yielded no secrets concerning
the relative reactivity of the two conformers.

Formation of charge-transfer-stabilized singlet exciplexes is
expected to be diffusion-controlled when electron transfer
between the two partners in exergofficThe early work of
Aloisi, Mazzucato, Birks, and Minuti had established that NPE
fluorescence is quenched much more efficiently by diethylaniline
(DEA) than by tri-, di-, and monoalkylamines with higher
ionization potentiald’® As expected, our initial measurements
with DEA as quencher in MCH yieldedlexc—dependenksv
values that are significantly larger than those obtained for
TBA: Ksy (dexd Of 75.5 M1 (350 nm) and 134.6 M (330
nm)2° This accounts, in part, for the selection of TBA as the
amine quencher in this work. Not only does its blue-shifted
absorption spectrum, relative to DEA, allow for a widkkc
range to be employed in the NPE study, but the less than
diffusion-controlled quenching of NPE conformer fluorescence
affords the opportunity for differences in NREand NPE
reduction potentials to be reflected in the quenching rate
constants.

On the basis of Scheme 1 and the averagefrom ref 10,
our SV constants giveeakea = (5.8, £ 0.3) x 1°® M~1s71
andpegkes = 1.354 0.08) x 1° M~1s%. It follows that TBA
guenchedNPEy* 4.3 times more effectively thatNPEs*. This
selectivity is due to the more favorable reduction potential of
INPEA* which is reflected in the larger red shift of its exciplex
fluorescence. The relationship between the exciplex fluores-
cence energy atmax (or ve™®), hv™ in n-hexane and one-
electron polarographic donor oxidation and acceptor reduction
potentials Ep® andEa'd, respectively, was established by the

éoioneering studies of Rehm and Welfér.

"= Ey* — E,” — 0.10£0.08eV  (15)

Since TBA is the common donor in our system, assuming

(27) For areview, see: Saltiel, J.; Atwater, B. Adl. Photochem1988
14, 1-90.

(28) Adjustment for deviations from unity of SV plots in ref 9 have led
to small changes in the SV constants that were reported there.

(29) Saltiel, J.; Tarkalanov, N.; Sears, D. F.,JrAm. Chem. So4995
117, 5586-5587.

(30) (a) Rehm, D.; Weller, ABer. Bunsen-Ges. Phys. Chel®69 73,
834-839. (b) Rehm, D.; Weller, Alsr. J. Chem.197Q 8, 259-271.

(31) (a) Rehm, D.; Weller, AZ. Phys. Chem. N. A.97Q 69, 183-200.
(b) Rehm, D.Z. Naturforsch.197Q 25a 1441-1447. (c) Weller, AThe
Exciplex Gordon, M., Ware, W. R., Eds.; Academic Press: New York,

obtained earlier using Ar-outgassed solutions. It appears that1975; pp 23-38.
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3.0 [rrr——————————,——————————————————————————— for electron transfer of 2.1 kcal/mol is reflected in a more
favorable free energy of activation for electron transfer6f9
25¢ b kcal/mol.

Exciplex Fluorescence Quantum Yields.Composite fluo-
rescence quantum yieldg;m, of NPE measured as a function
of Aexc in n-hexané®1lat 20°C and in MCH? at 30°C have
been used together witk{Aex) andxi(exg to determine pure
component NPE and NPE fluorescence quantum yield3.
Nearly identical values were obtained under these different
conditions: ¢sma® = 0.60 and 0.61 angfns° = 0.83 and 0.76
in n-hexane and MCH, respectively. On the basis of the

A - temperature dependenceggf, at 316 and 355 nri? we estimate
325 350 375 400 425 450 475 300 325 350 375 600 628 650 ¢ma® = 0.63 andpms® = 0.79 at 25°C in MCH. These pure
component quantum yields were used in eq 12 and in eq 16

Normalized Intensity

A (nm) N X
Figure 14. Resolved pure component NBENPE;, Ea, and B with the xmi at [TBA] = 0 to obtain
fluorescence spectra corrected for nonlinearity in instrumental response. 1 1 1 1
. . . . . . - = + - XmA(;Lexc) (19)
identical Coulombic attraction in the two exciplexes gives P,y P \Pma Pme
hAvy " = _AEA“-“’ (16) ém° values at eachlexc employed in this studj? Total

fluorescence quantum yields were based on tigggevalues
wherehAv™* = 2.9 kcal/mol is defined by the shift in the and on the relative areas of the fluorescence spectra (corrected
Amax (453 and 475 nm fotEg* and Ea*, respectively) of the for nonlinearity of instrumental response) in Table SI (deposited
resolved corrected exciplex fluorescence spectra in Figure 14as supporting information). On the basis of eq 11, the inverse
andAEx™dis the reduction potential difference between the two 0f the intercepts in Figure 12 giveg.a® = 0.152+ 0.004 and
conformers of NPE. It follows that the reduction potential of ¢res® = 0.2104 0.004. The exciplex fluorescence lifetime has
NPE, is more favorable by 2.9 kcal/mol. Assuming that the been measured for [TBAF 0.49 M and may have been subject
exciplex is well represented as a contact radical-ion pair, the to some self-quenching by the amitfeAccordingly, we regard
free energy change\Ge, for the initial electron transfer step  the reportede = 21 ns as a lower limit. The 1015% drop in

is given by the Weller equatiéh this lifetime as the monitoring wavelength is changed from 530
to 450 nni8 suggests that the lifetime ofaBs somewhat longer
4 eo2 than the lifetime of . It follows thatksea = kifeg < 1 x 107
AGy=E; > — E\*"— Eg— o (7) s1 (this estimate neglects the possible coupling of monomer
and exciplex lifetimes that would result if exciplex formation
whereEs is the singlet energy of the excited partner agtl were freely reversible). The importance of exciplex intersystem

eais the Coulombic attraction term that accounts for free energy Crossing in our system was not evaluated. Estimatefoin
gain when A~ and D™ are brought to within encounter distance related systems, based on enhanced isomerization quantum
a in a solvent with dielectric constart Again neglecting  Yields associated with amine quenching of olefin fluores-
possible small differences in the Coulombic attraction term, it cence}!’ indicate that these can be substantial, but that their
follows that magnitude depends on the identities of the olefin, the amine,
and the solvent.
AG.? — AG,* = —AE,"*"— AEg (18) _
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X, based on Figure 11, as a function/gf. and [TBA] (Table
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Internet access instructions.



