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all-trans-1,6-Diphenyl-1,3,5-hexatriene (DPH) fluorescence in solution consists of emissions from(2h&$

and $ (1'B,) states of the s-trans,s-trans conformetPPH) and emission from the; State of the s-cis,s-

trans conformerq-¢DPH). The contribution o6-¢DPH fluorescence increases upon excitation at longer
wavelengths, and both minor emissiorszDPH and 1B, s-tDPH fluorescence, contribute more at higher
temperaturesTs). Resolution of a spectrothermal matrix of DPH fluorescence spectra by principal component
analysis with self-modeling (PCA-SM) is hampered gependent changes in the spectra of the individual
components. We avoided differential polarizability-dependent spectral shifts by measuring the spectra in
n-alkanes (G, Cs to Cig with n even) atT values selected to keep the index of refraction constant, hence
under isopolarizability conditions. Compensation of the spectrdfoduced broadening allowed resolution

of the spectral matrix into its three components. The optimum van't Hoff plot ght¢s= 2.83 kcal/mol for
s-¢DPH/s-t-DPH equilibration, somewhat smaller than the 3.4 kcal/mol calculated value, and the optimum
Boltzmann distribution law plot giveAEa, = 4.09 kcal/mol for 1B,/2'A4 equilibration. The 1B, fluorescence
spectrum bears mirror-image symmetry with the DPH absorption spectrum, and the energy gap, 1431 cm
is consistent with the 1615 crhdifference between the lowest energy bands in e &nd 2A fluorescence
spectra. The results givéy, = 198 & 12 cnt? for the vibronic matrix coupling element between tHé\2

and 1B, states. Fluorescence guantum yields and lifetimes under isopolarizability conditions reveal an increase
in the effective radiative rate constant ®tDPH with increasingr.

Introduction nylpolyenes:! “Dressed” TDDFT includes doubly excited states
and predicts the correct,S; order in polyene$?13 Thus,

The photochemistry and photophysicsogé-diphenylpoly-
P 4 P Y phenyipoly periment*-17 and theory®1213agree that in linear polyenes

enes have been under scrutiny because these molecules al | /
considered to be models for the retinyl polyenes that are relatedNe lowest exc'te;d state is thé/g, state and that the energy
to vitamin A and the visual pigments® Excited states of planar ~ 9aP between the'B, and ZA states increases with increasing
all-trans-diphenylpolyenes are designateché, or n'B, based chain length. Th|§ picture is slightly modified in the case of
on symmetry. Hudson and Kohler first recognized that for the the alltransa.o-diphenylpolyenes. The energy of thig} state
all-s-trans conformer of planar atiansdiphenyloctatetraene 1S lower than the energy of théR, state intransstilbene, the
(DPO) the 1B, state, which is responsible for the strong longest WO states are presumed nearly isoenergetic intrafls-
wavelength vibronic bands in the electronic absorption spectrum, dibhenylbutadiene (DPB), and theé/Ay state is the lowest
is not the lowest-energy excited singlet state that is observed€xcited state in altransdiphenylhexatriene (DPH) and the
in fluorescencé. The fluorescence was assigned to the doubly longer vinylogues:>
excited 2A state, which was identified as the lowest excited ~ The lowest electronic transitions between the ground state
state. In an accompanying publication, Karplus and Shulten and higher states of each type are the symmetry-alloWBd 1
showed that the inclusion of doubly excited configurations in <— 1'Ag and the symmetry-forbidden'®y <— 1'Aq transitions.
the configuration interaction scheme is crucial for predicting Although forbidden by single-photon absorption, tH&2—
the proper ordering of excited singlet states in polyene hydro- 1'A4 transition is allowed through simultaneous two-photon
carbons’® Advanced theoretical approaches such as time- excitation!’” The forbidden 2Ay — 1'A4 emission from the
dependent density functional theory (TDDFT) that do not excited 2Aq state is thought to occur via Herzbergeller
include doubly excited states fail to predict the corregSSs vibronic coupling of the 2A4 and 2B, states, which renders
order both in the parent polyerfé8 and in theo,w-diphe- the transition partially allowed through reduction in symmetry
- — — : and concurrent relaxation of the symmetry requirem&ht?.
Crac%r\:vlegglearﬁgm Jagiellonian University, Faculty of Chemistry, 30 060 Eqr DPH in so!utlon, ar] equnl_brl_um mixtutE 23 of the ZAQ
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Newark, Delaware 19716. initial formation of the 1B, state.
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The experimental effective fluorescence rate const&fits, ~ 1'By fluorescence, observed in DPH and its derivatives as a
= ¢?*97?* of DPH and higher diphenylpolyenes, where the weak band at the leading edge of the fluorescence spectrum,
d)?bsvalues are measured fluorescence quantum yie|dg<r3§ﬁd shifts to the red and becomes more pronounced with increasing
values are measured fluorescence lifetimes, are much sm:jlllerm‘fd'l"_n polarlzabllltf1*23v39. _
than the corresponding theoretical radiative rate constifits, In this paper, we accomplish the PCA-SM resolution of DPH
- ”zk% (where k}ho is the B, — 2!A, fluorescence rate fluorescence by (a) avoiding spectral shifts by measuring the

constant in the gas phase under isolated molecule conditions®PH fluorescence spectrarmralkanes (G, using G to Cis with

for which the index of refraction = 1) based on the Strickler n even) atT values selected to keep the index of refraction
Berg” or Birks—Dysor?2 relationship€# The Hudsor-Kohler constant (hence, varyirge DPH/s-tDPH and 18,/2'Ag ratios
model nicely accounts for these discrepancies, because differentNder isopolarizability conditions), (b) independently varying
electronic states are involved in the absorption and emission theS-CDPH/S-tDPH ratio by changindex. (c) compensating
transitions. The observed fluorescence rate conskdf, is for thermal _broadenlng, and (d) applying van't Hoff I|near_|ty
primarily related to the forbidden’8, — 1!A, transition, SM constraints. We also report fluorescence quantum yields

whereas the calculated rate constait, is for the allowed and lifetimes under isopolarizability conditions.
1B, — 1!Aq transition. The formally forbidden!2y — 1A
transition is considered to borrow probability from the allowed
1'B, — 1'Aq transition through vibronic mixing®*°and to the Materials. all-trans-1,6-Diphenyl-1,3,5-hexatriene from Al-
extent thatk?bs corresponds to thel&, — 1A transition, it drich, 98% purity, was chromatographed on silica gel with ethyl
depends on the magnitude of the calculated rate cona‘dﬁ&nt, acetate/petroleum ether (1:99 v/v) as eluent and then twice
and on the degree of mixing between tH8Jand 2A, states recrystallized frorm-hexane (Aldrich, spectrophotometric grade).
and, thereby, on thel®, — 2'A4 energy gap Petroleum ether from Baker, reagent grade, was distilled prior

to usagen-Alkanes (-octane,n-decanen-dodecanen-tetra-

obs_ 1 in| Vab |2 decane, anah-hexa(_jecane) from Aldrich (anhydrous,-9%)
K™= ki AE 1) were used as received.
al
Measurements.Fluorescence measurements for the spectral

resolution were made with a modifitHitachi/Perkin-Elmer

Experimental Section

where Vg, is the temperature- and solvent-indepenéfelit : )
vibronic matrix coupling element between th&Ag and 2B, MPF-2A spectrophotometer equipped with a 150-W Xe arc
states, andAEsp is the B, — 2!A, energy gap. However, source and a Hamamatsu R106UH photomultiplier tube and for

because observed DPH fluorescence quantum yields includedt@ntum yield measurements with a Hitachi F-4500 spectro-
contributions from the thermally populate#Bl, staté'-23 and photometer equipped with a 150-W Xe arc source and a

from s-cDPH2® K™ values are expected to be larger than Hamamatsu R3788 photomultiplier tube (the Hitachi F-4500
those given by eq 1 (strictly speaking, eq 1 gik§§s° for s-t- employs horlzqntal excitation and emission slits |nstea}d of
DPH). The presence atGDPH fluorescence is evident in the vertlc_:al). UV—vis absorption spectra were measured with a
1 oie endence of the fluorescence spetra strikin Perkin-Elmer Lambda-5 ora Cary 300 spectro_photometer. All
exc dEpen Lo ence spectra, 9 spectrophotometers were interfaced to Dell microcomputers.
demonstration of Havinga’'s nonequilibration of excited rotamers . . .
(NEER) principle® Aliquots (AE)-mL) of DE’H |nn-_alkane solvents (with [DPH]
~ 0.58 x 107> M) were pipetted into 13-mm o.d. Pyrex ampules
equipped with standard 1-&guartz fluorescence cell sidearms.
O The samples were degassed (4 freqmemp—thaw cycles) and
N _ flame-sealed at a constriction. Sample preparation and handling
O : were performed under nearly complete darkness (red light).
Fluorescence spectra for the spectrothermal matrix were re-
s-t-DPH s-c-DPH corded at~2-nm increments in th&ex ranges of 300.3317.7
and 381.5-398.9 nm producing 10 spectra in each range.
The aim of this paper is to achieve a quantitative evaluation Fluorescence intensities were collected in the -3500-nm
of the fluorescence of DPH by resolving it into its three range in 0.25-nm increments. Fluorescence quantum yields were
contributing emissions. Because two of these emissions originatedetermined using quinine sulfate 1 N H;SO; (¢r = 0.546 at
from thermally populated states, their contribution in the 25 °C)*“2as the reference standard. Fluorescence spectra of
spectrum can be varied by varyifig However, resolutions of ~ DPH for the spectrothermal matrix were measured at 284.0 K
spectrothermal matrices of DPH fluorescence spectra arein n-octane, 316.6 K im-decang340.2 K inn-dodecane, 359.4
thwarted because of-dependent spectral broaderhgnd K in n-tetradecane, and 372.5 K imhexadecane. The indexes
differential shift§2 of the pure component spectr&induced of refraction measured at these temperatures were approximately
differential shifts in DPH and higher diphenylpolyenes have their constant and equal to 1.402D 0.0001. Temperatures were
origin in the linear dependence AE,;, the 1B, — 2'A4 energy maintained to within= 0.1 °C using a Haake-FN constaifit
gap, on the polarizabilityo. = (2 — 1)/(n® + 2), of the circulator or a Neslab-RTE 4DD circulation bath. Solution
solvent!819233335 The 1B, state, in which electron density is ~ temperatures were measured with an Omega Engineering model
partially localized, is stabilized on increasing (induced 199 RTD digital thermometer.
polarizatiorf®), while the highly correlated'2 state is insensi- Fluorescence lifetimes were measured with degassed samples,
tive to changes i.. Consequently, absorption and fluorescence as previously describef,with a phase modulation Fluorolog-
excitation spectra shift to the red as solvent polarizability is 2 lifetime spectrofluorometer (SPEX) equipped with a 450-W

increased (theB, <— 1'Aq transition), in contrast to th&max Xe arc source, a Hamamatsu R928P photomultiplier tube, and
of the fluorescence spectra (in the main, tHA2— 1'A4 a Lasermetrics BNC 1072FW Pockel cell (KBOy).
transition), which is insensitive to solvent change¥8 As Data Analysis. Data pretreatment and PCA-SM calculations

expected, the intensity and position of the thermally activated were performed on a Dell microcomputer working with ap-
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Figure 1. Fluorescence and absorption spectra of DPH-ottane as a function of.

propriate routines in the environment BMfATLAB packages,
versions 5.2 and 6.1.

Computational Details. Calculations were carried out using
Gaussian 98" utilizing gradient geometry optimizatidhi. Al
geometries were fully optimized using the B3LYP functidhal
with the 6-311#G(d,p) basis set. Frequencies, zero-point
vibrational energy corrections (ZPVE), and enthalpies were
calculated at the same level of theory.

Normalized Intensity

Results

Normalized Intensity

Fluorescence and absorption spectradra€a function off
and fluorescence spectra in thg<eries under isopolarizability . , , , ,
conditions are shown in Figures 1 and 2, respectively. The 350 400 450 500 550 600

X . A, nm
fluorescence spectra were baseline corrected by subtracting the o
emision of orresporcing salvent blanks folowig removal (TR, Plisterce shects o DR 1 [esiare Sonene
of interfering promlnent Raylelgh and Raman scattered light 300.3-317.7 nm (A) and in the range 381-398.9 nm (B).
peaks. Scattered light correction was performed by PCA
treatment of partial spectral matrices composed of DPH or separately, producing for each range one characteristic averaged
solvent blank spectra having no spikes in fheegion of DPH spectrum, nominally assigned to the average excitation wave-
fluorescence. The resulting most significant eigenvectors were lengths of 309.0 and 390.2 nm, respectively. A pair of
then used to reconstruct the scattered-light-affeétpdrtions normalized spectra was thus obtained at its characteristic
of subsequent spectra by least-squares fittfrigach corrected  isopolarizability temperature, Figure 2, for eaehlkane solvent.
spectrum was in turn used to augment the initial partial matrix, Comparison of the low (309 nm) and high (390 nig). range
while an old spectrum was removed, keeping the matrix size fluorescence spectrum for each solvent reveals that the 390-
unchanged. The DPH fluorescence spectra were then correctethm spectrum is less intense at the siashset and more intense
for self-absorption in the shoit region by use of absorption  at the longA tail than the corresponding 309-nm spectrum.
spectra measured under the same conditions. The spectra in Figure 2 were compensatedTtatependent

The s-c-DPH Conformer Fluorescence SpectrumAs broadening by applying the method that was used recently in
previously observed for DPH in methylcyclohexane (MCH), the resolutions of spectrothermal matrices composed of 1,3-
excitation at the onset of DPH absorptidg,. = 380 nm, leads butadiene vapor-phase UV absorption spéétad benzophe-
to a significant increase in the contribution of s-cis conformer none luminescence spectfaThe broadening compensation
emission in DPH fluorescence spectfePure s-c-DPH fluo- procedure is only briefly described here, because it has been
rescence spectra in,@inder isopolarizability conditions were  presented in detail elsewhe¥elt involves the derivation of a
obtained by following a similar procedure to that described set of thermal spread functions (normaliz€dcharacteristic
earlier®® The background and baseline-corrected DPH fluores- Gaussian functions), which on convolution with the correspond-
cence spectra were normalized to unit area, and the spectrang spectra leads to a nearly uniformly broadened set of spectra,
recorded for low and high excitation ranges were averaged each having the broadening expected at the highest experimental
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T T T T T T T sated fluorescence spectrum following normalization of each
ed/et (H) pair in the 3606-375 nm region (equal areas in that region).
This yielded excellent baselines, indistinguishable from zero,
0.8k i in the selected spectral region and nearly solvent-independent
edlez (H) difference spectra fos-cDPH fluorescence. The result for
0.7 1 n-dodecane, illustrated in Figure 6, is typical.
osl 4 The Ay¢/By Spectral Mixtures. The s-t-DPH fluorescence
) edfez (L) spectrum (a 24(1B, spectral mixture) was obtained in each
0.5- __/. n-alkane solvent by PCA-SM treatment of the corresponding
__/ normalized (unit area) set of three spectra, shown foric
0.4F 1 Figure 6: the low- and highey spectra and thes-c-DPH
edfel (L) ‘\o—o/ spectrum. SM was carried out by moving on thg normaliza-
03r | tion line toward the expected location of the combination
02 . . . . A L e} coefficients of thes-+tDPH spectrum (a solvent/specific 2A/
¢ 1+ 2z 3 4 5 6 7 &8 5 1 1B, spectral mixture). Selection of the pure ZBB, mixture
Broadening, nm spectrum from 200 or more candidates in each solvent was based
Figure 3. E.V0|Uti0n.0f eigenvalue ratios with the extent of brogden_ing on the requirement that the predicted ratios-afs ands-trans
compensation applied to the DPH spectrothermal data matrix (Figure DPH contributions Xs_c/%s_t;, wherei designates.e.) for the
2a,p). low- and highAexc Spectra simultaneously correspond to the two
0.06 : . . . . : : : . best fit van't Hoff plots describing the equilibrium between these
conformers’148-50 As a secondary criterion, care was taken to
0.05- | ensure that the choice was among spectra that did not violate
the Lawton and Sylvestre nonnegativity criterfdrilhe van't
Hoff equation used in the optimization process is given by

0.9-

Relative Eigenvalues

0.04f

003 - R |n(xs‘°") =R |n(—65‘°'i¢s‘°) +as-22 (g
Xs—tj €s—1iPs-t T

Normalized Intensity

0.02F . s
wherees¢j and es—; are the decadic molar absorptivities of

the s-trans and s-cis conformers, respectivély.; and ¢s+;
are the corresponding fluorescence quantum yields of the two
conformers at the effective isopolarizabilityin each solvent,
9% 360 370 380 390 400 Ris the ideal gas constant, andsandAH are the entropy and
A, nm enthalpy differences between the two conformers. The best fit
Figure 4. The optimum set of spread functions. gives AH = 2.83 kcal/mol for both plots with satisfactory
correlation coefficients equal to 0.998 (lower plot fakc =

temperature. Because the spread functions are derived from 2390 m) and 0.994 (upper plot fdexc = 390 nm), Figure 7.
single basic spread function on the basis of Théependence ~ The resulting optimum set ad-tDPH spectra, consisting of
of broadening, the search for the optimum set requires identi- different mixtures of 2Aq and £B, fluorescence, is shown in
fication of only one parametek(in eq 9 of ref 31). PCA Figure 8. T.he mcregse_ﬁﬂu quoresqence contribution with
treatment of the sets of broadening compensated spectra formedcréasing isopolarizabilityi” can readily be seen at the onset
for each selected value of the broadening paramktare of the spectra in Figure 8. )
evaluated by tracing the evolution of the ratios of the most _ Pure 2'Aq and 1'B, Fluorescence SpectraAssuming a
significant eigenvalues. Specifically, when a three-component Boltzmann distribution for the population of the two lowest
system is ideally expected, as in the DPH case, the objective ofeXCited singlet states aft-DPH?352the ratio of 1B, — 1'Aq
broadening compensation is to minimize the importance of the 10 2*Ag— 1*Ag fluorescence intensities, andF,, respectively,
fourth and higher components that reflect nonlinear spectral Should obey eq 3

changes. This is achieved by selecting the broadening parameter

that minimizes the relative magnitude of the fourth eigenvalue R In(xi) =R In(@) _ AEg, 3)
(ev4). Indeed, as shown in Figure 3, plots of ev4/ev2 veksus ke, T

define nearly identical minima & = 6.5 cnt? (full width at

half-maximum of the reference thermal spread function) for both wherex, andx,, the fractional contribution of !B, and 2A4

sets of spectra in Figure 2. The selected optimum set of spreadfluorescence, respectively, are used instead of the spectral areas
functions is shown in Figure 4, and the effect of broadening F, andF,, andks, andkg are the corresponding radiative rate
compensation with the use of this set on the eigenvectors shownconstants. The fluorescence spectra in Figure 8 were resolved
in Figure 5. The success of the procedure is reflected in the into pure 2A4 and 2B, spectra by PCA-SM by imposing
pronounced suppression of oscillatory features in the secondoptimum fit to eq 3 as the SM constraint. The procedure is
and third eigenvectors, a second essential criterion revealed byanalogous to the application of the van't Hoff plot optimization
analogous treatments of simulated spectral matfieig such SM constraint described already. The best fit plot to eq 3 is
smoothing is observed in the fourth and subsequent eigenvectorsshown in Figure 9. The slope of the line in Figure 9 give&,
which are neglected in the analysis. = 4.13 kcal/mol, which corresponds to 1446 T@mand the

The s-cDPH fluorescence spectrum for each solvent was intercept is 8.23 cal/(mol K). The linearity of the plot in Figure
obtained as previously descrid&dy subtraction of the low 9 is exact (correlation coefficient with nine nines!) because it
(309 nm) from the corresponding high (390 nig). compen- is based on fractional contributions found by moving along the

0.011
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Figure 5. Pairwise comparison of the first four eigenspectra (in ascending order from A to D) obtained for the DPH spectrothermal data matrix
before (blue lines) and after (red lines) optimum compensation for broadening.
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Figure 6. Difference spectrumstc-DPH) obtained im-dodecane by
normalizing high and low excitation wavelength fluorescence spectra
at the onset region (35875 nm).

400 450 600

o, normalization line for the spectra in Figure 8. A more
realistic plot, based on they/x, ratios for the actual spectra
(Table 1) givesAEa, = 4.09+ 0.11 kcal/mol and an intercept
of 7.87 £ 0.34 cal/(mol K). The significance of the intercept
will be considered in the Discussion section.

The resolved spectra (corrected for nonlinearity in instru-
mental response), that is, théAZ and 2B, pure component

-

2r AHC = 2.83 keal/imol T
3 1
T
e i
£
® 4T aH° = 2.83 , kealimol 1

_5 - -

%8 2.8 3 32 34 3.6

T, K! x10°

Figure 7. Simultaneously optimized van’t Hoff plots for the equilibra-
tion between s-trans and s-cis conformers of DPH for low (lower fit)
and high (upper fit) excitation wavelengths.

highest experimental = 372.4 K used in this study. PCA
treatment of the fluorescence spectra in Figures 2, 6, and 8
reveals a three-component system, as expected. Combination
coefficients of the spectra im,5,y eigenvector space are shown

in Figure 11. The combination coefficients of the three pure-
component spectra define the corners of the triangle in the
normalization plane (labeled&y, 1'B,, ands-c-DPH in Figure

fluorescence spectra from the all-s-trans conformer, and the11l). Points on the 'A/1'B, line correspond to the spectral
s-cis,s-trans conformer fluorescence spectrum (taken as themixtures in Figure 8, and points inside the triangle, lying along

average of thes-cDPH fluorescence spectra in the five
n-alkanes) are shown in Figure 10. Also shown in Figure 10 is
the absorption spectrum of DPH imoctane (mostly theB,

solventT specific lines starting at the corner for teecDPH
fluorescence spectrum and intersecting tRA 2B, side,
represent the experimental spectra in Figure 2. Fractional

< 1'Aq transition). These resolved spectra correspond to the contributions of the three components in the individual spectra,
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Figure 8. Resolveds-t-DPH fluorescence spectra {8, mixtures) in Figure 10. Pure-component DPH fluorescence spectra (corrected for
C, at isopolarizabilityTs (see text). nonlinearity of instrumental response) and the absorption spectrum of
DPH in n-octane.
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) ) . Figure 11. Normalization plane with pure components defining the
Figure 9. Optimum van't Hoff (Boltzmann) plot for thermal equilibra-  ¢orners of the triangle: A emission from the s-trans&g state; B,
tion between the fand B, excited singlet states aFt-DPH. emission from the s-trans'B, state; and s-cis conformer emission.
The point on the BA¢/1'Bu mixture line closest to the JAcorner

TABLE 1: Pure Component Fractional Contributions in the corresponds to-octane.

DPH Spectra in Figures 2 and 8
excitation or composition T [K] Xa Xg Xc >Xi x 10

Aexc=309 nm 284.0 0.8795 0.0361 0.0844 1.0000
316.6 0.8552 0.0616 0.0832 1.0000
340.2 0.7839 0.0950 0.1211 1.0000
359.4 0.7295 0.1129 0.1577 1.0001
372.5 0.6983 0.1427 0.1590 1.0000

exc= 390 Nnm 284.0 0.7637 0.0367 0.1996 1.0000
316.6 0.7249 0.0525 0.2226 1.0000
340.2 0.6451 0.0741 0.2809 1.0001
359.4 0.5801 0.0785 0.3414 1.0000
372.5 0.5698 0.1101 0.3201 1.0000

Ag/B, mixtures 284.0 0.9536 0.0361 0.0103 1.0000 05
316.6 0.9479 0.0705 0.0184 1.0368
340.2 0.8775 0.1106 0.0119 1.0000
359.4 0.8652 0.1447 0.0099 1.0198
3725 0.8187 0.1730 0.0084 1.0001

a Spectral contributions are based on spectra that are corrected for
nonlinearity in instrumental response. Figure 12. The 390-nm fluorescence spectrum of DPH (solid line) in
Ci6 at 359.2 K and reproduced (dashed line) as the sum of the pure
component contributions.
corrected for nonlinearity of instrumental response, are given

in Table 1. The fit of the broadened 390-nm spectrum of DPH emission spectrum is 378.5 nm, and that of the first band of
in Cy6in terms of the pure component contributions is typical, the 2Agemission spectrum, determined by fitting five Gaussian
Figure 12. envelopes to the spectrum of the\g — 2'A4 emission, is 403.1

In Figure 10, the absorption spectrum of DPHrioctane nm. The energy difference between these two bands is 1615
was scaled to match the height of its first band to the height of cm™.
the first band of the B, fluorescence spectrum. The matched Fluorescence Quantum Yields and LifetimesFluorescence
spectra reveal excellent Levshin mirror symmetrin their quantum yields ([DPHJ 2 x 107% M) and lifetimes ([DPH]
vibronic patterns. The position of the first band in thd#81 = 2 x 107% M) in degassed-alkanes are given in Table 2.

1.5

Intensity

0 L L L 1
350 400 450 500 550 600
A, nm
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TABLE 2: Fluorescence Quantum Yields and Lifetimes for
DPH in C, under Isopolarizability Conditions?

Cn T, K & wPns K 10s?t  kJd107st
Cs 284.0 0.71 15.7 45 4.5 (4.5)
Cwo 3166 070 14.1 4.9 4.7 (4.5)
C 3402 068 13.6 5.0 4.9 (4.6)
Cu 3594 070 12.7 55 5.0 (4.7)
Ci® 3725 (0.73) 123 (5.9) 5.2 (4.7)

a Excitation wavelengths were 365 and 355 nm for quantum yields
and lifetimes, respectively; for lifetimesem = 450 nm.P Values ofy?
were in the 1.031.20 range® The ¢ value is extrapolated from
measurement in the 29343 K range, and the value is for 293 K.

d Calculated from eq 5, see text; values in parenthesek}“for 9 x
18 s

TABLE 3: Fluorescence Quantum Yields and Lifetimes for
DPH in n-Dodecane

T, K Aexo M Aem MM 71,2 NS Ve o

293.2 355 450 13.6 1.09 0.73(0.71)
313.2 380 525 13.9 1.03 0.72(0.72)
323.2 355 450 136 116  0.71(0.67)
343.2 355 450 13.5 1.06 0.68 (0.66)
343.2 380 525 13.5 1.12 0.65 (0.66)

2 dexc = 365 nm; values in parentheses arefge = 380 nm.> T =
308.2 K.cT=338.2 K.4T = 353.2 K.

They were measured at the isopolarizabilig; except for G,

for which the quantum yield was extrapolated from measure-
ments at lowerTs and the lifetime was measured at 293 K.
Lifetimes were shown to be independenfloénd of excitation
(Aexc = 355 and 380 nm) and monitoring(Aem = 450 or 525
nm) in G and G, (293—-343 K). The results in Table 3 for
Cy, are typical. Within+5% experimental uncertainty, the
fluorescence quantum yields are also independeit,@i{365

or 380 nm).

Discussion

In addition to its use as a polyene mo&tDPH has been
used widely in photophysical studies as a probe of the
microenvironment® The results presented in this paper provide
for the first time the quantitative resolution of DPH fluorescence
spectra into its three components: tH&g— 1!Ag and B,

— 1A, fluorescence spectra sft-DPH and the emission of

s-cDPH, Figure 10. We succeeded in this task by applying
PCA-SM to a spectrothermal matrix, composed of spectra
measured under isopolarizability conditions to eliminate dif-

ferential spectral shifts and uniformly broadened by compensa-

tion for T-induced thermal broadening. To appreciate the impact
of differential shifts on the emission spectra, one need only
compare the onsets of Figures 1 and 2. Although similar
ranges are involved, théB,, fluorescence intensities at the short
A onset are remarkably-independent im-octane (Figure 1),
whereas they increase strongly with increasirig then-alkane
series (Figure 2). Paradoxically, although tH81— 1'Aq is
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with AEgp constant under isopolarizability conditions, the
expected increase in the contribution of th&Bl— 1'Aq
transition with increasing is readily seen in Figure 2. We stress
here that because of tieinduced differential nonlinear changes

in the pure-component fluorescence spectra, Figure 1 exempli-
fies a type of spectrothermal matrix that cannot be resolved by
PCA-SM treatment. Attempts by othé&fsto resolve such
matrices by PCA-SM have failed.

The implications of our results are considered in the following
text.

Havinga’s NEER Principle. The discovery that, contrary
to earlier report$?3858the fluorescence spectrum of DPH is
Aexcdependent allowed resolution af¢DPH and s-tDPH
fluorescence spectra in MCH Ground-state conformer control
of excited-state behavior was postulated first by Havinga to
account for thelexc dependence of photoproduct distributions
in conjugated trienes in the vitamin D fiel The resolution of
the DPH conformer fluorescence spectra provided the first direct
confirmation of Havinga’s NEER principle as applied to the
singlet excited states of a triene system. Results in the 3.9
91.0°C range withleyc Of 355 and 385 nm gavAH = 2.95+
0.11 and 3.29t 0.17 kcal/mol, respectively, as the conformer
enthalpy differenc@? Our observations in the-alkane series
under isopolarizability conditions confirm ttg,. effect, Figure
2, and giveAH = 2.83 kcal/mol, Figure 6, in good agreement
with the values for MCH and with the value of 2.93 kcal/mol
for s-trands-cis1,3-butadiene equilibration in the gas phése.
DFT calculations (B3LYP/6-31+G(d,p)) reveal structures and
energies for stationary-state geometries i @& DPH in
reasonable agreement with the experimental results, Figure 13.
The global minimum is located at the plarsaeDPH geometry,
whose calculated structure is in excellent agreement with the
X-ray crystallographic structure of DPH.A transition state
(TS) at the planas-cDPH geometry connects two slightly
nonplanar, energetically equivalent, enantiomeric conformers
(+)s-cDPH (<CCCC= 14.6; <CCCC= 6.9) and {-)s-cDPH
(<CCCC = —14.6; <CCCC = —6.9). The extremely low
barrier for enantiomeric interconversion through the plaaer
DPH indicates that the potential energy surface is very flat in
that region and thas-cDPH can readily adopt both entirely
planar and slightly nonplanar geometries. It is worth noting that
the imaginary frequency, 14.9i cth at the planar geometry is
so negligibly small that the planacDPH structure may be
considered a minimum. This is consistent with the fact that the
enthalpy of the planar structure i80.5 kcal/mol lower than
that of the nonplanas-cDPH structures. At 298.15 K, the
enthalpy difference betweenncDPH ands-tDPH conformers
is predicted to be 3.4 kcal/mol (see Table 1S in Supporting
Information). Initial calculations with the 6-31G(d) basis set
yielded a value of 3.15 kcal/mol.

Adherence to the NEER postulate shows that despite rela-
tively long lifetimes (12-16 ns, Table 2), both the'®, and
the 2ZA4 singlet excited states maintain structural integrity with

thermally activated, its absolute contribution to the fluorescence 'espect to rotation about ground-state essential single bonds. It

spectrum isT-independent in a singla-alkane solvent. The

stands to reason that the much shorter lived lowest singlet

coincidence here is that the expected increase in the BoltzmanreXcited states of the parent hexatrighend alkylhexatrienes

population of the 1B, state with increasing is nearly exactly
canceled by (1) the increaseAt,p, caused by the accompany-
ing drop in polarizability and (2) the decrease in the overall
population of exciteds-t-DPH due to the drop in its ground-
state equilibrium concentration. The changeAiB,, is almost
entirely due to the relative destabilization of tH&] state with
decreasingx, as seen in Figure 1 in the shifts of théB}—

1'A4 transitions in absorption and emission. On the other hand,

will similarly prevent ground-state rotamer equilibration.

The 1*Ag < 1'B, Fluorescence SpectrumThe very good
mirror image symmetry between the recoveréd — 1'B,
fluorescence spectrum and the absorption spectrum of DPH in
n-octane (selected because it was recorded at the |oWweastl
is least contaminated bg-cDPH absorption) validates our
broadening compensation procedure. It confirms the assumption
of mirror symmetry that was used by Itoh and KoRfeto
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B3LYP/6-311+G(d,p)

1.397A4D 1.393A

1.397A 1.393A AR, o
1.389A 1.389A 1.391A

1.391A

0 & b o
1.408A YO 7 407A 1408A X 1.407A ©
1.461A
1.353A
1.438A
1.356A
1.450A <CCCC=14.6

1.352A

<CCCC=69  1462A

v;i=14.9i cm™!

s-+DPH

E=-695.70221 a.u.
E+ZPVE=-695.42153 a.u.
H2%%15 =.695.40495 a.u.

TS s-(+)¢DPH <-> s-(-)c-DPH

E=-695.69582 a.u.
E+ZPVE=-695.41549 a.u.
H>%15 =.695.39952 a.u.

s-c-DPH

E=-695.69589 a.u.
E+ZPVE=-695.41556 a.u.
H?%15 =.695.39879 a.u.

Figure 13. Stationary point geometries on the DPHs8rface, including the planarcDPH “transition state” structure for interconversion between
two gauche nonplanat)s-cDPH enantiomers (see text;t-DPH is planar).

evaluate th&-dependence of the intensity ratio dBl, to 2'A4 dependence of experimental radiative rate constadbs,=
fluorescence from DPH spectra imhexane. However, that ¢f0bS/T?bs,3s and have vyielded rather higth, values. Chrono-
analysis neglected the overlapping contributionss@DPH logically, values of 245, 555, 745, 480, and 840 émvere
fluorescence. Without applying broadening compensation, our gptained in this way by Hudson and KohférAndrews and
attempts to resolve the spectra in Figure 2 by PCA-SM treatment py,,qsont® Birks et al.29 Alford and Palmef! and Bondarev
failed miserably. The impact of imposing nearly uniform  5nq Bachild2 respectively. These derivations employ estimated
broadening on the spectra is evident in the significantly Ag values from the absorption and fluorescence spectra and
dampened oscillations of the second and third principal eigen- neglect the thermally populatedBl, ands-c-DPH fluorescence

vectors, Figure 5. L S . obs .
Y contributions by assigning the effectivg® entirely to the
The 2!Ay — 1'A4 Fluorescence SpectrumExcept for the 21A, — 1A, transition. The method used to estimat€as

o : . . a1
relafive intensity of vibronic bands, the resolvethg — 1'Aq alues alone can lead to large discrepancies. For instance, the

fluorescence spectrum bears an uncanny resemblance to th% 40-emr value was based on overestim values taken
resolveds-c¢DPH fluorescence spectrum, Figure 10. The posi- . am.ﬁab : .
from the apparent Stokes shift between first band maxima in

tions of the vibronic bands are nearly identical, and both spectra . X
y P the absorption (B, — 1'Ag) and fluorescence spectra (mainly

are characterized by relatively weak shoulders at the short
Y Y 2'A5— 1'Ag).52 On the other hand, the intermediate 480-ém

wavelength onsets (weaker $acDPH). The Franck Condon g
envelopes of both spectra bear a strong similarity to the vValue was based on significantly lowaEa, values, because
fluorescence spectrum of DPH seeded in helium in a supersoniclaxation of the initial FranckCondon (FC) states was
band that was assigned by Kohler and Spiglanin to g 2~ considered. The difficulty of assigninf., values on the basis
1A, transition in the isolated molecuté Except for a roughly ~ ©Of the spectra alone is evident in our results. The energy
300-cnt? blue shift and slightly better vibronic definition, the ~ difference in the positions of the first bands in the resolvi&i, 1
relative intensities of the vibronic bands of the gas-phase — 1'Ag and 2Aq — 1'Aq fluorescence spectra, 1615 cti
spectrum suggest that it includes a substarsti@DPH fluo- (Figure 10) is significantly higher than 1431 chthe value
rescence contribution. In view of the fact that the expansion obtained directly from th& dependence of'B,/2'A, fluores-
involved DPH vapor at 445 K, this is not surprising. cence area ratios under isopolarizability conditions, Figure 9.
The Matrix Coupling Parameter Va,. There have been  This discrepancy is probably due to the fact that spectral
several attempts to determiNfgy, the vibronic matrix coupling determination ofAE4 requires having the absorption and the
element between thé-& and 1B, states. With one exception,  fluorescence spectra for the two transitions, because it is from
they have been based on eq 1 and the predicted polarizabilitytheir overlap that the positions of the-0 bands can be
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estimated. The FC envelopes of the putB 1~ 1'Agand 2A4 substitution of our experimentalE,, and V,p, values into eq 1

— 1A, fluorescence spectra, Figure 10, are very different. The givesk}h/kfa = 63 or 52 for 1445, 182 cr (from the ideal plot
1'B, — 1'Aq spectrum has a relatively strong well-resolveel0 in Figure 10) or 1431, 198 cm (from the plot of thexs/x,
band and, relative to the corresponding absorption, reveals aratios in Table 1), respectively. These ratios wigh= 4.25 x
rather small Stokes shift. In contrast, the initial band inth&2 107 52, based on the lowe$f" value in Table 2, give(" =

— 1*A4 fluorescence spectrum appears as a weak shoulder, ang.7 x 10° and 2.2x 10° s'L. The two independent methods
the spectrum is generally less structured, leading to the |ead tok!" estimates that are identical within the experimental
expectation of a much larger Stokes shift. The difference in yncertainty of the measurements, confirming our suspicion that
vibronic patterns also suggests smaller equilibrium geometry the calculated Birks and Dyson value is too small. Use of the
differences between the plaf&l'Aq ground state, Figure 13,  11g — 11A4 spectrum in Figure 10 and the DPH absorption
and the 1B, state, than between théAl; ground state and the  spectrum inn-octane in the slightly modified StrickleiBerg

2'Aq state. _ _ equation
The second approach 4y, is due to Itofs2 who combined
egs 1 and 3 to obtain 8r-cnd e
K= ——— 0, 0" [} ) g5 =
In(F/F,) = —AE,/RT—2InV,,+ 2InAE,, (4) Nn, v
3 ~
N w€(¥)

and arrived aVa, = 140 cnm? using EB/2 A4 fluorescence 2.8810 gn— 0, 3Eflj; % dv (6)

a

intensity ratios (estimated by fitting DPH fluorescence spectra
with Gaussian®) andAEg, values in different solvents at room
temperature (294 K). This approach lends itself to the evaluation
of our results. Becausex{xs) = (Fp/Fs), eq 4 allows the
evaluation ofV,, by combining the slope and the intercept of
the plot of eq 3. The ideal plot in Figure 9 givés, = 182
cm™1, and with the use of thexg/x,) data in Table 1 for the . - fF) |1
resolved 2A /1B, spectral mixtures (Figure 8), we obtaif, @0t = (] () df/)( | df/) 7)
= 1984 12 cnl. Within the framework of current theory, we v
consider the latter value a reliable estimat&/gfand probably . ) . o
the best determination of this quantity to date. The agreementWheref(v) is fluorescence intensity, giveg' = 8.83 x 10°
with Itoh’s value is reasonable when one considers that his S *- While larger than the Birks and Dyson value, it is still too
determination of fluorescence intensity ratios neglects the small to account for our observations. It is also too small when
contribution ofs-cDPH fluorescence and thus overestimates One considers that the average experimekftéifor all-trans
the contribution of 2A, fluorescence. 1,4-diphenyl-1,3-butadiene in hydrocarbon solvent in the-223
Effective Radiative Rate Constants.Our fluorescence 293 K range is 8.8x 10° s™1.%7 The calculated values in
quantum yields and lifetimes are in reasonable agreement with Table 2, based on eq 5 witl, = 4.25 x 107 s, k" = 2.0 x
previously reported value€.They lead to effective radiative ~ 10° s'%, and AEa, = 4.1 kcal/mol, are systematically lower,
constantsk™™ (Table 2) which, provided that constant polar- but reproduce the trend in the experimental values.
izability is maintained, increase monotonically with increasing ~ Photochemical Implications and Some Puzzleshe pos-
T. Because the fluorescence quantum yields and lifetimes areSible involvement of the 24 state in the torsional process
independent ofley Within experimental uncertainty, we can leading to a perpendicular intermediate on the pBtential
assume that the increasekii° reflects at least the behavior of ~ €nergy surface dfansstilbené®was postulated by Orlandi and
the major conformers-tDPH. This increase i™ is pre- Slebrand.(OST;9 and later extgnded to the higher mempers of
dicted by the Hudson and Kohler model because the contribution the ¢.«-diphenylpolyene family by Birks?’®Much attention

of the strongly allowed B, fluorescence will increase with has begn focused on this trams C!S photois_omerization
increasingT. The model gives mechanisnt;1471 despite early indications that if ang/state

were involved in stilbene photoisomerizatiof? it would have
1 Kap to be a higher state than th&, state’® Nor has anyone offered
k?bs: ki, 11K + k}h 1T K (5) an explanation of how the trans cis torsional barrier in §
al al

can be created by any/B, weakly avoided crossing when, on

) . I moving from the gas pha3® 7“to a hydrocarbon solutionf40-7>

A| 1

WherﬁKab Is the equmbnum c_onstant for./2"Aq equilibration, its intrinsic magnitude is insensitive to a ca. 5.8 kcal/mol relative
andk;" andk, are the radiative rate constants of the two states stabilization of the 1B, state®* The notion of an essentially
i ,52 i i i . . . .
in the same ordef:*2 The contribution of the second term in 5 rierless torsional motion in thé/, state of allransDPH
eq 5 VYt?Uld bfﬂf‘egug'b'?h if, following comm_oln practice, We a5 dispelled by our observation of very low photoisomerization
used k' = kg, with kg = 2.23 x 10° s7%, the value  guantum yields that are governed by photoisomerization activa-
calculated by Birks and Dyséhwith their slightly modified  tjon energies that are considerably higher than the effedtzg
Strickler and Berg relationshifd. That ‘8 value, however, may  values?3 76
be Sel’iOUS'y underestimated. FirSt, it is much smaller than 3.75 Our interpretation of the fluorescence Spectra of DPH leads

wheren; andn,, the mean refractive indices in the fluorescence
and absorption bands, are assumed egNais Avogadro’'s
numberc is the velocity of lighte(?) is the molar absorptivity,
and

x 108 s7%, the directly measured value for théBlL — 1'Aq to several remarkable coincidences: (i) Fluorescence quantum
transition in isolatedrans-stilbene$® despite the fact thatnax yields are insensitive to the increaseTinnder isopolarizability

in the absorption spectrum of DPHs ca. 2.7 times larger than  conditions, probably due, in part, to a nearly exact compensation
that oftrans-stilbene?® Adjusting thetransstilbene 3.75< 10° of parallel increases in the isomerization rate constants and the
s7! value by theemax ratio givesky = 1.0 x 10° s* for effective radiative rate constants ®#DPH. (ii) Fluorescence
isolated DPH, which, witim = 1.402, corresponds k}h =20 lifetimes are monoexponential, solvent specific, and insensitive

x 10° s1 under our isopolarizability conditiorf§. Second, to changes inT in each of several saturated hydrocarbon
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solvents. This finding, reported by Cehelnik et al. for DPH in (9) Hsu, C.-P.; Hirata, S.; Head-Gordon, ¥1.Phys. Chem. 2001,
- - - _ 105 451-458.

3 met,esthylpentafljen hexane’? heﬁtar}i’ and methyICﬁ/.CIohe)li (10) Catalan, J.; de Paz, J. L. &.Chem. Phys2004 1201864-1872.

ane;® was confirmed by us for the-alkanes used in this wor (11) Catalan, JJ. Chem. Phys2003 119, 1373-1385.

(this includes @, Table 3, for which otheP§ have claimed a (12) Maitra, N. T.; Zhang, F.; Cave, R. J.; Burke, K.Chem. Phys.

small increase ofr with increasing T). Apparently, the 2004 120 5932-5937.

P : i _ (13) Cave, R. J.; Zhang, F.; Maitra, N. T.; Burke, ®hem. Phys. Lett.
fluorescence lifetimes of-cis ands-transDPH conformers are 2004 389, 3942,

identical in each solvent and are not affected by chang@s in (14) Kohler, B. E.Chem. Re. 1993 93, 41-54.
(i) We have not detected a second, minor, shorter-lived (15) Kohler, B. E.; Spiglanin, T. AJ. Chem. Phys1984 80, 5465~
component that has been reported in some solvents. Consistent471.

with the conclusion in (ii), fluorescence lifetimes and quantum 29‘(111?) Kohler, B. E.; Spiglanin, T. AJ. Chem. PhysL985 82, 2939~

yields areldexcindependent in each of the alkanes (see, e.g;, (17) Fang, H. L.-B.; Thrash, R. J.; Leroi, G. Enem. Phys. Letf.97§
Table 3). In the case of--DPH, we can postulate that the 57 59. _
expected increase iNEg, with increasingT causes a net loss (18) Andrews, J. R.; Hudson, B. S. Chem. Phys1978 68, 4587~

in the Boltzmann population of the'B, state, leading to a (19) Birks, J. B.: Tripathi, G. N. R.; Lumb, M. DChem. Phys1978
decrease in the effective radiative rate constant, which is exactly33, 185-194.

compensated by the concomitant increase in the photoisomer-Chgg) F()ﬁ)ysfﬁgftigg'\g-?zg‘éeg%‘i‘g V(\{J) 53353‘ SS-_JV*f/lémfglngWA-i:'f-;l#e f-
ization rate. This would account for the decrease in the v .5 A’Chem. Phys. LetL.999 303 218-222. (c) Werneke, W.: Hogiu,

fluorescence quantum yield with increasih@ a specific alkane S.; Pfeiffer, M.; Lau, A.; Kummrow, AJ. Phys. Chem. 800Q 104, 4211~
(see Table 3 and the relative areas of the fluorescence spectrd217.

P— - obs (21) Alford, P. C.; Palmer, T. RChem. Phys. Letfl982 86, 248-253.
in Figure 1;in G, 2 decreases from 0.71 at 293.2 K t0 0.41 (22) Alford, P. C.; Palmer, T. Rl. Chem. Soc., Faraday Trans1283

at 353.2 K), while a constant lifetime is coincidentally main- 79 433-447.
tained. We can advance no such explanation (convoluted as it (23) Itoh, T.; Kohler, B. EJ. Phys. Cheml1987 91, 1760-1764.

may be) to account for the parallel lifetime behavior of the s-cis _, (24) Hilinski, E. F.; McGowan, W. M.; Sears, D. F., Jr.; SaltielJJ.
e : e Phys. Chem1996 100, 3308-3311.
conformer. However, in view of its long fluorescence lifetime 55, yee, 'W. A.; O'Neil, R. H. Lewis, J. W.; Zhang, J. Z.; Kliger, D.

and small effective radiative rate constant, the fluorescence of s. Chem. Phys. Lett1997, 276, 430-434.
s-cDPH also appears to correspond to a forbidden radiative _ (26) Hogiu, S.; Werneke, W.; Pfeiffer, M.; Lau, A.; Steinke,Qhem.
transition Phys. Lett.1998 287, 8—16.
- . . Lo (27) Strickler, S. J.; Berg, R. Al. Chem. Phys1962 37, 814-822.
It is important to keep in mind that most of the radiationless (28) Birks, J. B.; Dyson, D. Proc. R. Soc. London, Ser. %063 275,
decay in singlet excited DPH in most solvents is photochemi- 135-148.

cally unproductive and, at least in acetonitrifeindependent? Sos:zglggszallﬁlezlf Secars, D Fu Jri Sun, ¥.-P.; Chol, JJOAMm. Chem.
The complementarity between radiative and photoisomerization ™ 34" jacobs, H. J. C.; Havinga, Bdv. Photochem1979 11, 305—

decay pathways, experimentally demonstrated by Fischer and373.
co-workers and confirmed by Yoshihara and co-workers for ~ (31) Saltiel, J.; Sears, D. F., Jr.; Turek, A. M.Phys. Chem. 2001,

: 77—79 : 105 7569-7578.
trans-stilbene does not apply to the butadiéfieand (32) Saltiel, J.; Choi, J.-O.; Sears, D. F., Jr.; Eaker, D. W.; Mallory, F.

hexatrien€® members of the,w-diphenylpolyene family. The g :'mallory, C. W. J. Phys. Chem1994 98, 13162-13170.
common practice of assigning all radiationless decay competing (33) Basu, SAdv. Quantum Chenl964 1, 145.

with fluorescence in the highea,w-diphenylpolyenes and 19§374)165‘g?g_'-é1A8-?HUdS°n’ B. S, Petersen, M.; Diamondgidchemistry
related molecules (see, e.g., ref 19) to photoisomerization (3’5) érey, L. A: Schuster, G. B.: Drickamer, H. G. Chem. Phys.

pathways is imprudent and should be avoided. 1979 71, 2765-2772.
(36) Suppan, P.; Ghoneim, N. BobatochromismThe Royal Society
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