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Abstract: Detailed studies on the kinetics and the thermodynamics of the excited-state torsional
isomerization of the title molecule (1) relative to exocyclic C2—0 bond, when dissolved in 3-methylpentane,
are reported by means of nontime- and time-resolved fluorescence spectroscopy. Over the broad
temperature range studied, 1 exists in spectrally distinct, thermally equilibrated s-cis and s-trans
conformations in the ground state (So). In the lowest excited singlet state (S;) and above 260 K a pure
adiabatic interconversion channel is activated that interconverts s-cis* and s-trans* conformers through a
nearly fully reversible isomerization pathway with an activation energy of about 29 kJ/mol. The excited-
state equilibrium constant is found to be remarkably temperature-independent just barely exceeding 1 above
260 K. Contrary to the predominantly irreversible photoisomerization mechanism generally observed in
related compounds, this work provides insights into the high reversibility of an excited-state rotameric
equilibration in solution.

1. Introduction observable thermal activation parameteigery recently the
above photodynamic scheme was demonstrated mainly experi-
mentally for 2-methoxyanthracene and some of its derivatives
in solution® In the above work it is proposed that one-way
interconversion from the-cis*into thes-trans*conformations,
within their singlet excited-state lifetimes, takes pl&dde scis
ands-transconfiguration are assigned according to the orienta-
tion of the methoxy group relative to the long axis of the
anthracene subunit. However, the absence of pure rotameric
spectroscopic analysis and the lack of accurate theoretical
‘?nethods to date, capable of reliably handling the sizable
electronic features of 2-methoxyanthracene and its derivatives,
prevent an in-depth kinetic analysis for these compounds. On
X o e i ) the contrary, the simpler analogue 2-methoxynaphthal&he (
adiabatic |S(_)mer|zat|_on of aroma_ltlc olefins has also been has been extensively studied by jet-cooling spectroscopy and
comprehensively reviewed by Arai and Tokumaru. ab initio calculations$, although so far it is unexplored in the
Itis generally accepted that the above torsional photoisomer- condensed phase. We now report mainly on the excited-state
ization process proceeds one Way (forward), from the higher  gynamics of rotameric interconversion hfaddressing specif-
to the lower energy rotamer; the opposite waguverse, if ically the issue of possible new kinetic manifestations on
existing, is not significant and has no substantial affect on the torsional isomerization in solution. The general scheme of our
investigations is given below.

Rotational isomerism in thexcited statés a photochemical
mechanism which interconvergscis* ands-trans*conformers
during their lifetime, upon rotation about the single bond that
joins a suitable conjugated group to an aromatic moiety
(Aryl—C=).1"7 Manifestation of the rotational isomerization in
the singlet excited state of 2-vinyl-anthracene (2VA) andits
or 3,4'-dialkyl derivatives was originally reported from Barbara
and co-worker$,and later 2VA was reinvestigated by othérs.
Thereafter the above photodynamic scheme was demonstrate
in similar systems including 3,@limethylstilbené, 2-anthryl-
ethylenes,N-methoxy-1-(2-anthryl)ethanimine derivativeand
1,3-di-(3-thienylethenyl)benzerfeThe one-way photochemical

(1) (a) Brearley, A. M.; Stanjord, A. J. G.; Flom, S. R.; Barbara, RCkem.

Phys. Lett1985 113 43. (b) Flom, S. R.; Nagajan, V.; Barbara, P.JF. 2. Experimental Section
Phys. Chem1986 90, 2085-2092. (c) Brearley, A. M.; Flom, S. R,; )
Nagajan, V.; Barbara, P. R. Phys. Chem1986 90, 2092-2099. (d) 2.1. Materials: 2-Methoxynaphthalend was purchased from Fluka
Barbara, P. F.; Janeba, Wcc. Chem. Re4.988 21, 195. ; ifi i i i
(2) Arai. .. Karatsu. T.. Sakuraki, H.. Tokumaru, K.. Tamai, N.: Yamazaki, anq was first purlfled by vacuum sublimation and then by recrystalli
I. Chem. Phys. Let1989 158 429. zation from a mixture of methanol and chloroform. 3-Methylpentane
(3) Park, N. S.; Waldeck, D. HChem. Phys. Let199Q 168 379.
(4) Karatsu, K.; Itoh, H.; Yoshikawa, N.; Kitamura, A.; Tokumaru, Bull. (8) Albrecht, M.; Bohne, C.; Granzhan, A.; lhmels, H.; Pace, T. C. S,
Chem. Soc. Jpril999 72, 1837. Schnurpfeil, A.; Waidelich, M.; Yihwa, CJ. Phys. Chem. 2007, 111,
(5) Furuuchi, H.; Arai, T.; Sakuragi, H.; Tokumaru, K.; Nishimura, Y.; 1036.
Yamazaki, 1.J. Phys. Chem1991, 95, 10322-10325. (9) (a) Troxler, T.; Pryor, B. A.; Topp, M. RChem. Phys. Lettl997, 274,
(6) Bartocci, G.; Ginocchietti, G.; Mazzucato, U.; Spalletti, Bhem. Phys. 71. (b) Troxler, T.J. Phys. ChemA. 1998 102, 4775. (c) Johnson, J. R,;
2006 328 275. Jordan, K. D.; Plusquellic, D. F.; Pratt, D. W. Chem. Phys199Q 93,
(7) Arai, T.; Tokumaru, KChem. Re. 1993 93, 23. 2258.
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Figure 1. Absorption spectra of in 3-MP (2 x 10~ M) at varying temperatures:rsert left top Difference spectral{ — 296). Isosbestic points observed

at 329, 323.6, 320.8, 318, 314.6, and 309.4 nm. The spectra have been corrected for temperature dependence of the density of tighsedytimse()

fluorescence spectra afin 3MP (3.26x 10-5 M) at varying temperatures excited selectively at 328.6.1 nm (isosbestic point). Wavelength resolution

of the fluorescence is 1 nm. Spectra have been corrected for the nonlinearity of the instrument response. The arrow indicates the peak due to scattered
excitation light. (nsert right bottom Absorption changes at 334.5 nm Vs

) . Table 1. Fluorescence Quantum Yields (®), Lifetimes (7),
(3MP) was filtered through a water-cooled chromatographic column Radiative (k) and Nonradiative Rates Constants (kn), Absorption

packed with a comb_ination of silic_a ge_l (activity grade 1) i_n the Igwer V_, and Fluorescence Vi, Transitions Origins of A and B
half and basic alumina (super active) in the upper half. Finally, it was Rotameric Isomers of 1 Obtained at Low Temperatures
distilled in a glass-filled column under an argon atmosphere.

: _ T kX107 kX107 Vi Voo
2.2. Instrumentation and Methods: Absorption spectra were rotamer ®° (ns)! (s (1) (emY) (em)
recorded on a Perkin-Elmer Lambda-16 spectrophotometer. _Steady- 2 072 13.0 554 215 30525 30583
state fluorescence spectra were accomplished by the Perkin-Elmer gy 0.68 13.0 523 246 29895 29980
model LS-50B and the Edinburgh Instruments model FS-900 spectrof-
luorometer. Fluorescence lifetimes (vere determined using the time- a“Limiting” values <130 K. P Obtained at 160 K¢ Uncertainties in low-

correlated single-photon counter FL900, of the above Edinburgh temperature quantum yields8%. ¢ Uncertainties in recovered lifetimes and

Instruments setup, which is capable of measuring lifetimes down to rates<5% and<8%, respectively.

100 ps. For measurements at ambient temperatures, the samples were

degassed by using the freezeump—thaw technique six or more times. ~ 3- Results and Discussion

Fpr low-temperature experiments samples were degassed by bub_bling 3.1. Spectroscopy below 260 KFigure 1 displays the

Cetenminations, we uilized  souon of quinine sulfte i 0.4 N {STPeralure dependence of the absorption spectrurd. of
' q : dissolved in 3MP, upon cooling stepwise from 296 to 77 K. As

SO, (s = 0.54+ 0.02)1° Samples above & were thermostated to .
+0.1°C using a circulating water bath. For low-temperature measure- clearly shown the weak absorption band3@3 nm) gradually

ments, a sealed cryogenic rectangular quartz cuvette was enclosed in 4iSaPpears whereas several isosbestic points emerge across the
copper block mounted on the coldfinger of a liquid nitrogen cryostat absorption spectrum. The above features strongly suggest the
(Oxford Instruments, PE1704). All the experiments were accomplished existence, in the ground state, of two discrete forms A and B
under a helium atmosphere. Special care was taken to ensure that thef 1 in thermal equilibrium. Additionally, aggregation phenom-
glass formed by the frozen solvent was not cracked. To avoid any ena do not seem to be present on freezing to the glass transition
deviation in spectral analysis, we subtracted the solvent's spectra fromtemperature of 3MP ~77 K). Furthermore the absorption
the samples, at every temperature. The dependence of desystn ( spectrum shows no appreciable changes with temperature below
tergpeiag”f? Véa;‘:i”gifd(gy “;'”%a tg';d'orge;;’g'ggom?ﬁp 130 K demonstrating that it is due entirely to the more stable
= Bo T B1 2 317, (Bo, B1; B2, B3) = (Y. X ; ; ; ;
—1.05910x 1073 1.09170x 10°% —1.84190x 107°) for 3MP. form A (see also Figure 1, right bottom insert). .
The temperature dependence of the solvent index of refraat)omas The fluorescence spe_ctra, pn the ot.her han_d, also show quite
remarkable characteristics (Figure 1 right top insert). When the

calculated from standard methods. . ; . . . .
All computer fits and simulations, except those of time-resolved sample is preferentially excited at an isosbestic point of the

experiments, were performed using the program "Micro Math Scientist @Psorption band, the total integrated fluorescence intensity

for Windows”, version 2.01, of Micro Math. increases with decreasing temperature indicating an augmenta-
tion of the absolute quantum yield from 0.360.02 at ambient
(10) Demas, J. N.; Crosby, G. A. Phys. Chem1971, 75, 991. temperatures to 0. 0.04 below 130 K (see also Figure 2;
(11) Ruth, A. A.; Nickel, B.; Lesche, HZ. Phys. Chem1992 175, 91. ; B ; ; “
(12) Riddick, J. A.; Bunger, W. B.; Sakano, T. Rrganic Sovents John Wiley Table 1) _Furthermor_e’ the relative intensity malnly of the-“0
& Sons: 1986. 0” emission peak is strongly temperature dependent and
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Excited State Interconversion of s-Cis/s-Trans Isomers ARTICLES

15
a c Z Q
b p . at296K ) o o 2 o o Z w:oo
0.8 o % 2 1
i '] —
£ 1-exp % 2-exp | Z
= 0.4 g o Is*
8 B % T
7, o !
: > A K °
g | T<260K”, %,
2 0.0 : : : : : —lo
& |b))A B — at160K d) g Jos
=t — at77kK %
= osf 29 o ° é
c Y
£ o é aooo|
S @A %
“ B %
! 2 %
0.0 L i ' L L i I I i L i L t/ L i L o_o
320 340 360 380 80 120 160 200 240 280 320
wavelength (nm) Temperature (K)

Figure 2. Normalized absorption-fluorescence spectra, quantum yields, and lifetinieis @VP. (a) Absorption spectrum (left) and fluorescence spectra
(right) excited selectively (see arrows fay = 0.1 nm), at room temperature; scattered excitation light has been removed. (b) Pure emission spectra of A*
and B* rotamers. Emission of A* is obtained at 77 K in a dilute solution-8fx 105 M. For pure B* emission a solution ef2 x 104 M at 160 K was

used (see arrows fdlexc £ 0.1 nm). (c) Lifetimes of A* and B*; excitation and emission observation wavelength (exc/em) were, respectively 58228

+ 2 nm for A* and 335+ 2/345+ 7 nm for B* below 260 K. Above 260 K coupled biexponential kinetics was observed (see part B). (d) Absolute quantum
yields (@) at varying temperatures corrected for refractive index variation with temperature (excitation wavelengths as in Figure 2b).

increases sharply, by analogy to the-@' absorption transition, interconvert during their lifetime and decay independently
with decreasing temperature. After analysis of the above according to the so-called NEER (nonequilibration of excited
experimental data we find that the reason for the increase of rotamers) rulé# Therefore, direct excitation at an appropriate
guantum yield is a consequence of an increase of the radiativewavelength in which B absorbs solely will give pure B*
rate constantk ») of the A* emitting specie& The fluorescence  emission. Indeed, the dramatic photoselection observed with
spectra ofl below~130 K, likewise to the absorption spectra excitation atl = 333 nm (Figure 2b) provides further evidence
at these temperatures, have no appreciable changes. This lattehat there is an additional species B in the ground state which
observation provides additional evidence that practically the is thermodynamically less stable and absorbs at longer wave-
spectrum ofl is due entirely to the more stable form A at low lengths than the dominant one (A). The pure spectra of A can
temperatures. be easily obtained below 130 K. As becomes evident from the
Below 260 K the barrier controlled isomerization rate, in the above spectroscopic analysis, the high-energy part (829

excited state, is much slower than the fluorescence decay, thanm) of the fluorescence spectrum shown in Figure 2a contains
is, ki + k-1 < ka. As a consequence, A* and B* do not no contribution from B* emission and therefore is a signature
of the emission of the A* rotamer only (see also Figure 2b).

(13) The remarkable‘increase of the molar extinction coeﬁicieﬁg&(}k ~327 - Consequenﬂy, this Wave]ength region can serve for monitoring
nm), upon lowering the temperature, suggests that the radiative transition *
probability should be increased according to the well-known relation fluorescence decay traces of pure A* at any temperature. The

between the fluorescence and absorption properties of organic molecules i ifati
(see for example: Strickler. S. J.: Barg. R A Ghem. Phys1062 37, absolute quantum yields and the recovered fluorescence lifetimes

814). The increase Ofma by a factor of ~2, from ambient to low as a function of temperature for both emitting species are also
temperatures, is consistent with the ratio of the experimentally measured ;i i i it i * *

quantum yields at these temperaturés /(2% ~ 0.7/0.36= 2). On the given in Figure 2¢,d. For ,bOth emlttlng Speges A*and B below
basis of our experimental findings that tfae constanof the destruction 260 K, the fluorescence intensity versus time can be fitted very
of S; (1/7o = 131 ns ! for both rotamers) at low temperatures (see Table ; H - P H

1) is equai to thenonisomerization rate constat = oy + ke = 1/ successfully with a smgle exponeppal_ _furlctlon. The _results
~ 1/13.3 ns?) above 260 K (see Table 2), it is concluded tfés values clearly show the following: (1) the “limiting” quantum yields
are primarily driven by the radiative rate constag}.(The decrease of the * * : P ’

radiative transition probability as temperature rises (and, in turn, the of the A_ and B* rotamer r_eSpe(_:tlvely are, within experimental
hyd;ocarb_on Tatéi_x soft;ns) L'I; most }ikﬁlyAd;Je tc;qft_he E_reﬁeﬂce of uncertainty £8%) closely identical, namelypo » = 0.72 and
conformationally distorted populations of the A form bfin which the _ PTR ; P

methoxy torsion angle deviates slightly from its equilibrium Eositi¢n=( Pop= 0.68, and (2) they have 'ndlStmnghable lifetimes below

go,hs;jcisconfighl:rr]atlior;\%wlﬁaseg r<])n tEe reslultslobtﬁ\inedt@hﬁm;l;1 andcis- 160 K (oo = tog = 13.0 £ 0.2 ns). The most important
-hydroxynaphthalefewhere it has been clearly shown that e mixing : . .
between the oxygen lone pair and the naphthalene orbitals determines thePhOtophysical parameters are summarized in Table 1.

transition dipole moment orientation, it seems plausible to suggest thatthe  3.1.1. Assignment of A and B Rotamers:The “0—0"
methoxy torsion angle should significantly affect the degree of coupling . - . .
between orbitals of the oxygen and naphthalene subunit and accordingly €l€ctronic transition of the high-energy rotamer Alah 3MP
the transition moment and the oscillator strength. The above are also
suggested with results obtained at cryogenic temperatures (4.2 K) where (14) For a review see: Jacobs, H. J.; HavingaAB.. Photochem1979 11,
we found that the degree of inhomogeneity upon the excitation and emission 305-373. See also: Mazzucato, U.; Momiccioli, Ehem. Re. 1991, 91,
spectra ofl is not significant® 1679.

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13249
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Scheme 1
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k CHs
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O 0O
CH3 B

A

occurs at 30 525 cm (327.6 nm) and is close to that observed
in jet-cooled1% (31 028 cmt). Furthermore, the separation of
the S—$% electronic origin transitions of the A and B rotameric
forms of 1 observed in the present wok30 cnt?) nearly
coincides with the one obtained from the jet-spectra®aq660
cm~1). The above configurations A and B have been assigned
respectively to &is (syn ¢ = 0°) and atrans(anti, ¢ = 18C°)
conformation®®P The synandanti are denoted by the dihedral
anglegp(C;—C,—041—Cy) of the methoxy group relative to the

and kg = l/top are equal then the solution of the coupled
differential equations for the A* and B* deactivating processes
leads explicitly to the simple but very important relatiths

)

-1

-1 _
T, = Top

and

-1
T

- '5271 =k + ko = Kgym 3)
Analysis of the time-resolved fluorescence decay traces indicates
the following (see Table 1): (1), remains exceptionally
independent of temperature and within experimental error is
equal torop = t0a = 13.3 ns obtained at low temperatures;
this provides additional evidence with respect to the adiabaticity
of the isomerization and the equality of the nonisomerization
rate constantskf = kg).1® (2) The fluorescence decay traces,
selected at a narrow wavelength region signed by the emission
of the A* rotamer only (32& 2.0 nm) (Figure 2b), can be
strictly fitted to a biexponential function; this is also a signature
for the reversibility of the excited-state reacti&rand (3) the

naphthalene plane. Our analysis on the fluorescence andamplitude ratioAx/A; is nontemperature dependent and close

fluorescence excitation spectral vibronic features at cryogenic
temperatures (4.2 K) also suggest theis configuration'> A
crystallographic analysis at 173 K proves thatrystallizes as

a nearly planar molecule with the methoxy group adopting a
syn-periplanar conformation with respect to the &om?6
Finally, from *H and13C nuclear magnetic resonance experi-
ments ofl in carbon tetrachloride solutions, a conformational
preference of theis- over thetrans-configuration is foundy
quantitative analysis led to an approximate population ratio of
19:1 betweertis andtrans rotameric isomers at 305 K.We
therefore assign the A form as thecis rotamer which
isomerizes to the-transanalogue as temperature increases. The
equilibrium constant for &(KSO = [B)/[A]) is estimated to be
~0.07 at 296 K from the absorption spectbarhis estimate
corresponds to aAH% ~ 6.5 kJ/mol 550 cnt?l). For
comparison a value of0.05 for1 in carbon tetrachloride can
be estimated (see above). A value-0.1 for the analogues

to 1 (see also Figure 3a; insert). From the decay timesnd
72 and the amplitude ratidy/A; together with the “limiting”
lifetime 7o a, theforward rate constari; can be unambiguously
determined?® k_; is then obtained frorksum In fact, the above
procedure should be slightly corrected for the fraction of the
initially excited [Bo]* resulting from direct excitation of the
ground state population of the B-frang isomer2°

3.2.1. Energy Barriers, Thermodynamics, and Reaction
Coordinate. From the recovered rate constants in an Arrhenius
analysis (Figure 3a and Table 2), the tBermal activation
parameters can be evaluated. If tbevard andreversereaction
were, in principle, to have different activation energféand
E, ! respectively, then Irksym Vs 1/T would be nonlinear
becauseksum, in fact, follows a biexponential form (eq 4).

Keum= K1 €XpCEZRT) + K, exp-E,/RT)  (4)

rotamers of 2-vinylanthracene in cyclohexane has also beenk‘l) andkcll are Arrhenius frequency factors for the forward and

reportedtp
3.2. Spectroscopy above 260 KAbove 2® K a pure

reverse reaction, respectively. The unexpected linearity of In
ksum (Figure 3a) can be explained only if either (a) thewvard

adiabatic interconversion channel in the excited state between(k;) andreverse(k-1) reaction do have approximately indistin-

A* and B* rotamers is switched on, as manifested by dynamic
fluorescence analysis (vide infra).follows the fluorescence
kinetics commonly observed in analogous systérBsiefly,
coupled biexponential kinetics with a short)(and a long £2)
lifetime component showing no wavelength dependence, was
observed.
I(t,A) =

A(4) exptiry) + AJ4) exp(-tizy) (1)

At the high-energy part of the fluorescence spectrum, bath A

guishable energy barriers or (b) tHerward predominates

(17) (a) Salman, S. RSpectrochim. Actd 984 40A 229. (b) Salman, S. R.
Magn. Reson. Cheni985 23, 119.

(18) (a) Lackowicz, J. RPrinciples of Fluorescence Spectroscoayd ed.;
Plenum Press: New York, 1999; p 519. (b) The fact that one sees double
exponential behaviour of the A* fluorescence decay traces is only part of
the story. Further evidence concerning the presence oétleesereaction
(s-cist — strans®) comes directly from photoselection effects. An
inspection of Figure 2 clearly shows that excitation at a wavelength in
which s-trans(B) absorbs solelyA(>= 333 nm) results in emission primarily
from B below 260 K (Figure 2b). When temperature rises beyond the above
temperature threshold a significant portion of A* emission emerges (see
Figure 2a). This suggests that a thermally activated isomerization process

iti issi from thes-trans* into the scis* conformation takes place.
and Fepare posmve. When decay traces are deFec'[ed at em|58|on(19) Ilichev, Y. V.; Kuhnle, W.; Zachariasse, Al. Phys. Chem. A998 102,
wavelengths where the B${trang rotamer considerably emits, 5670.
i e _ _ (20) The general solution for the fluorescence intenKifyof the A* emitting
A pec_omes negat_lve demonstratisigis® and s-trang rota species is given by the Tollowingi() — Kl (X — FalAd" — k (Ba*)
meric interconversion. (Br — B2)} exp(=pat) + kial (Br — X)[Adf* + k-[Bl*)/(B1 — B2)} exp-

For a givenhypothetical adiabatiphotodynamic model, as
in Scheme 1, if theonisomerizatiomate constantka = 1/t a

(15) Manuscript in preparation.
(16) Bolte, M.; Bauch, CActa Crystallogr., Sect. @998 1862.

13250 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007

(—=pat). ke a is the radiative rate constant of AXis the sum of the rates of
all deactivation channels of A% = 1/ro a + ki, andfy, B2 are the measured
rates constants, d/and 1t,, respectively. From the ratid = A)/A; of the
pre-exponential factors one obtains the following equation from wkich
can be evaluated: (+ KQky = 1/(1 + A)(L/r1 — Lhron) + K Keum

Notice thatKg) = [Bo]*/[A of* and 7, = 7.
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Figure 3. (a) An Arrhenius plot oksum ki, andk-1. Open and filled circles represent noncorrected and corrected values, respectively, for the presence of
K§°q(1'). (Inserf) Ratio of preexponential factors V& (b) Original steady-state fluorescence spectra at varyimdtained with selective excitation at an
isosbestic point (323.6 0.1 nm). (nser) Excited-state equilibrium constamesg1 vs T estimated from dynamic (black circles) and static (green circles)
fluorescence spectroscopy.

Table 2. Temperature Dependence of the Observed Lifetimes,#?
Ratio of Preexponential Factors (Ax/A;), and Recovered Rate
Constants? of 1 in 3-Methylpentane [1] =5 x 107> M (Exc: 320 +
5nm; Em: 328 + 2.0 nm)

Wavelength (nm)

Interestingly, as seen in Figure 3b, the effect of temperature on
the steady-state fluorescence spectra, after excitation at an
isosbestic point (323.& 0.1 nm), is actually insignificant. After
detailed analysis of the above spectra, we find the following:

T.K 71, NS T, NS Kum X 108571 (AJA) kg x10%s™t ko x10%s7!

279 484 1312 130 0.85 074 055 (@) From the ratio of fluorescence intensities at the origin
287 3.85 13.20 1.84 0.74 1.10 0.73 emission maxima 329 (A*) and 336 nm (B*) (pure B* intensity
296 2.84 13.24 211 0.77 1.64 112 was retrieved by subtracting the portion of A* emission at 336
g?g i:gé ig:gg g:gg 8:23 g:gg ;:28 nm according to the pure rotameric spectral analysis made
331 0.99 13.70 9.34 0.80 5.54 3.80 before; see Figure 2b), one obtﬁnliesg1 values of 1.17, 1.27,

and 1.36 at 287, 306, and 331 K, respectively; these values just
barely exceed 1 and are in excellent agreement with those
recovered from dynamic fluorescence kinetic analym§1 E
ki’k-1) (see Figure 3b; insert). (b) The absence of a significant
temperature effect oPg/®P,, that isKSl conclusively implies
that the forward Ei) and reverse K, ") activation energies
should be approximately equal. In other words, our steady-state
experiments, in extraordinary agreement with dynamic fluores-
29.3 kJ/mol which are actually indistinguishable. An insignifi- cence analysis, suggest a nearly fully reversible isomerization
cant variation within~3% was found when the corresponding path in S above 260 K. If one were to have one-way or a
noncorrected values, for the presence of the ground statepredominant isomerization from thecls* into 1-transt con-
equilibrium KSZ('D, were employed. It should be noted that figuration path, that i%ksum = ki, then one would expecbg/
three independent sets of experiments were carried out tod, to increase dramatically as the temperature fA3es.
determine the uncertainty associated with each point. We were The above suggest that for the present interconversion

unak_)Ie to obse_rve differences in rate gonstants and energyprocess, both the standam{{S:) and the free reaction enthalpy
barriers exceeding remarkably the experimental erdi006). (AG(S%), for T > 260 K) should be very close to%.From the

Besides the dynamic fluorescence spectroscopy findings, we arrhenius frequency factors for the forwarkf) and reverse
have also made an indirect determination of the excited-state
isomerization kinetics from static quantum yield measurements.
We found that above 260 K the overall fluorescence quantum
yield @ of a dilute solution ofl in 3MP is completely
independent from both temperature and wavelength of excita-
tion, within experimental uncertaintyg= 0.36+ 0.02}! (see
also Figure 2d,T > 260 K). On the basis of the above and
previous findings in part A, it is easy to show that the ratio of
the individual quantum yields of the-trang (B*) and s-cig
(A*) species is given b3t

2 The statistical parametg? was between 1.00 and 1.07Uncertainties
in lifetimes andksym <5%; uncertainties in preexponential factors and
recovered rates10%.

significantly over theeversglP that is, the isomerization reaction
is in fact predominantly irreversibldd,m = ki). An Arrhenius
analysis of theksym and the individualk; and k-; gives
respectivelyES"™ = 29.1 kJ/molEL = 29.0 kJ/mol, and, ' =

(21) For a photodynamic model given in scheme 1, upon continuous illumination
therate of constructiorof each emitting species A* and B* is equal to its
rate of deconstructiomccording to the following relations: € d[A*]/dt

= —(ka + k))[A*] + k-1[B*] + 15 and 0= d[B*)/dt = —(ks + k-1)[B*]

+ ki[A*] + Ig. ka andkg represent th@onisomerizatiorrates constants
(1/oj, i = A or B), andl andlg are the rates of absorption of photons by
A and B, respectively. The quantum yield for each species can be expressed
as follows: ®a = kia/(ka + ksKS) and s = kigKSy(ka + keKSh where

K;f’1 = [B*)/[A*]. From the equality of thenonisomerization ratesak= kg
=1133'nst and the temperature/wavelength independence ofcad
quantum yield®, it is concluded that A* and B* rotamers should have
identical radiative rates constantg = kig = @ x ka=2.70x 10" s}
above 260 K (see also ref 13). Therefore one obtdigsb, = Ki;.

See for example: (a) Maus, M.; Rettig, \0.. Phys. Chem2002 106,
2104. (b) Yoshihara, T.; Druzhinin, S. I.; Zachariasse, KJAAm. Chem.
Soc 2004 126, 8535.

(22

/P, = K (5)
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(k‘il) reaction the isomerization reaction entropyS, is in the S state. As proven by X-ray crystallogragfiyand
estimated to be=2 JK~1-mol~1. A second estimation oAHS: supported by quantum mechanical calculati¥hshe s-cis

can be made from the energy separation of the absorptionrotamer (syngp = 0°) of the present compourntis the more
maxima of the A and B rotamers and their ground stsitt, stable form in the ground statg. 9\ value of 1.374 A is found
namely,AHS: = AEx_g — AH; this procedure roughly gives  from X-ray!® (1.347 A from theor$) for the G—01; bond
~0.8 kJ/mol supporting the kinetic results. length which connects the methoxy group to the naphthalene

Most importantly, the results indicate that the torsional motion subunit. This value is significantly shorter than a typical single
(¢) (about the bond that joins the methoxy group to the aromatic C—O bond length (1.43 A in methyl et), indicating a
moiety) between interconvertible the cig € 0°) and trans ¢ substantial double-bond character of the—O;; linking.
= 180C°) configuration of 1 must have taken place nearly Furthermore the angle £0,;—CHjs is found to be 117.22
isoenergetically through an almost fully symmetrical effective from X-ray!® (119.5 from theory?), demonstrating that the
torsional potential of the forfi 2V(¢) = EX1 — cos 2p). oxygen atom exhibits considerable?giharacter in the ground
Although detailed electronic structures and accurate energiesstate. In $it is expected, by analogy to similar systeffishat
of both configurations of 1 in S(s-cis and s-trang) are not the resonance interaction between thé Isybridized oxygen
yet supported by theoretical methods, however, extensive ablone pair and naphthalene orbitals be more effective. The latter

initio calculation by Troxle¥ of the s-cisform of 1 revealed is further supported by theoretical meth®tdsvhere (a) a
that the oxygen atom considerably exhibitd sparacter in both ~ shortening of the €-Oy; bond, albeit weak 0.01 A), is
electronic states. In the;$tate the spcharacter is large® calculated and (b) a noticeable relief of the-C,—0,1 angle

and therefore resonance interactions, between planarized oxygestrain toward the unperturbed onel20°) is found in S relative
atom of the methoxy group and aromatic moiety, are expected to that in the ground state (122.in S; and 125.8in &; 125.9

to be more favorable (see also next paragraph). As a result thefrom X-ray’®). The above data strongly suggest that ingees*
methoxy group ofl isomerizes in a relatively similar way to a  form the oxygen atom should be (a) almost perfectly planarized
conjugated group (comparable in size to the methoxy group) and (b) strainlessly attached to the aromatic ring. Therefore one
joined to an aromatic ring, for example, 2-vinylanthracene might expect the excitation delocalization to be equally distrib-
(2VA).1* This suggestion is further corroborated quantitatively uted on the naphthalene ring at the equilibrium geometry of

by the fact that the activation energies for theis* < s-trans* each rotamer in S(planar forms ¢ = 0°, ¢ = 18C).
interconversion29 kJ/mol) obtained in the present work are Furthermore intramolecular steric hindrance, between methyl
in reasonable agreement with those reported forfeneard group hydrogen atoms and the close lying hydrogen atom

(22.2 kd/mol) and thereverse (28.9 kJ/mol) isomerization  attached to the aromatic ring, should be effectively balanced in
reaction of 2VAP in cyclohexane. For the more closely both rotamers in § This is because the carbon atom of the
structurally related 2-methoxyanthracene a value of 19 kJ/mol methoxy group retains, to a large extent, it8 sparacte® in
for the one-way forward) rotational barrier of the methoxy S, and consequently, restricted rotation about theQBi; axis
group has been reportédrhis value differs remarkably from  may sufficiently moderate the above steric interactions. There-
our estimate of 29 kJ/mol; this might in fact be due to an fore, in the first excited state ;Sthe interplay between
oversimplified kinetic model used from these autB@scount- intramolecular steric hindrance and electronic interactions in
ing for a pure irreversible isomerization mechanism. both configurationsgscis* and s-transt) should be sufficiently
An issue that merits further discussion is why the present balanced to give nearly degenerate energetic levels. The above
isomerization is nearly isoenergetic in the first excited state S steric relief appears not to be effective for other compounds
but differs noticeably in energy in the ground staie Bhe that underg@-cis* to s-trans® interconversion such as 2-vinyl-
equilibrium geometry of each rotamer, in both electronic states anthracen® and other vinyl derivative$ A plausible explana-
S and S, should to a large extent be determined by (a) the tion given also in the literature is that the fixed vinyl hydrogens
overlap between the $ybridized oxygen lone pair with the  are exposed to more severe and unequal periplanar repulsions
orbitals of the naphthalene ring and (b) the steric repulsion at the equilibrium geometry of each rotanier.
between methyl group hydrogen atoms and the close lying In the ground state3here is sufficient evidence that steric
hydrogen atom attached to the naphthalene subunit. It isinteraction predominantly accounts for the observed difference
generally accepted that simple aromatic molecules possessingn energy between the two rotational isomerslofit is well
a single bond that joins two conjugated groups show the studied that 2-hydroxynaphthalene (2-HN) exists in a supersonic
tendency to adopt planar configuraticisThe driving force jet in s-cisands-transconformations arising from distinguish-
toward planarity is the resonance between the conjugatedable orientations of the hydroxy gro8pThe two electronic
groups? this resonance interaction is much more pronounced origins of 2-HN are separated by 317 clf the hydrogen
(23) Reaction enthalpy:AHS: = E;* — EX = 0.3 kJ/mol. Free reaction atom of the hydroxy group is replaced by a me-thyl- grOUp- (2-
enthalpy: AG% = ~RTIn (klmjkflm). Reaction entropyAS™ = R In( methoxynaphthalene), the apove ener_gy separation is dupllcgted
K =K5%) = RIN(KK) = 2 3K-L-mol L. K = (2.15:+ 0.5) x 10351 (~660 cnY).%2Such a large difference in energy, after exocyclic
andk’, = (1.6 + 0.5) x 103 st are frequency factors for the forward ~ Substitution, is unlikely to arise primarily from a shift in the
g.nd reverse reaction, respectively, obtained from Arrhenius plots in Figure aycited-state energies as clearly demonstrated in this work.
(24) (a) Werst, D. W.; Brearley, A. M.; Gentry, W. R.; Barbara, PJFAm. Therefore a steric effect is undoubtedly present in the ground

Chem. Soc1987 109 32. (b) Muszkat, K. A.; Wismontski-Knittel, T. :

Chem. Phys. Letti981 83, 87. (c) Muszkat, K. A.; Wismontski-Knitel, sFate and could succes_sfully_ explain the observed energy

T. J. Phys. Chem1981, 85, 3427. difference of the two rotational isomers. The presence of steric
(25) (a) Amid, J. Chem. Phys1974 6, 153. (b) Birner, P.; Hoffman, H. Jnt.

J. Quantum Chen1982 21, 833. (c) Carter, R. E.; Liljefors, Tretrahedron

1976 32, 2915. (d) Warshel, A.; Karplus, M. Am. Chem. Sod 972 21, (26) Handbook of Chemistry and Physic®th ed.; CRC Press: Boca Raton,

5612. FL, 1989.
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hindrance in gis also supported from theoretical methods in
the case of the-cisform® of 1 and of the simpler analogue
methoxybenzen€. Most likely, contrary to $ electronic and
steric asymmetric interactions induced by a distorted sp
hybridized oxygen atom might in principle be responsible for
the observed energy gap between the two rotamers.in S
Finally it is interesting to note that, if one combines the energy
separation of the two electronic origin transitions of the two
rotamers experimentally obtained from gas-phase vibronic
spectroscopi? (660 cntl) with their ground state energy gap
calculated from an ab initio stu/(thes-transform lies~700
cmt higher in energy than the-cis analogue), then one
indirectly obtains an estimation of onk40 cntt (~0.5 kJ/
mol) for the energy gap between the two rotamersinThat
is, the two rotamers are nearly isoenergetic ins8pporting

(27) (@) Vincent, M. A; Hillier, I. H.Chem. Phy3199C] 140, 35. (b) Spellmeyer
D.C; Grootenhws P. D. J.; Miller, M. D.; Kuyper, L. F.; Kollman, P. A.
J Phys Cheml199Q 94, 4483,

thus our conclusions in the present work reached by straight-
forward kinetic analysis.

4., Conclusions

The results from this work provide the first detailed insights
into the high reversibility of an excited-state rotameric equili-
bration in solution. Our findings clearly demonstrate that, above
260 K, s-cis* and strans* rotational isomers of 2-methox-
ynaphthalene interconvert through very close lying energy
barriers with respect to thierward andreverseisomerization
pathway. This leads to an excited-state equilibrium constant very
close to 1, which is not noticeably affected over the temperature
region studied. To the best of our knowledge, in contrast to the
generally accepted photodynamic scheme of related compounds,
this is the first experimental manifestation of a nearly fully
reversible torsional photoisomerization in solution.
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