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The triplet energy accepting properties of bridged hydroxy and methyl derivatives of acetophenone oxime
were examined. Sandros and Agmdrevine—Balzani (ALB) models were used to deduce the oxime triplet
energiesE?, and the reorganizational intrinsic barriefrsG#0), associated with the reaction. It is found for

the first time that these compounds exhibit different degrees of nonvertical energy transfer (NVET) behavior,
depending on their chemical structure. These structural properties have been investigated at both the AM1
and the B3LYP/6-31G(d) levels of theory. The flexibility of the ground-state molecule and the structural
changes occurring during the S T, sensitized transition seem to play crucial roles. It appears that two
important rearrangements are involved, namely, rotation about-ti¢ dduble bond and a system flattening
associated with a torsion about the formatC single bond. To relate the NVET character to these structural
changes, the energy variations associated with these latter were evaluated and successfully AeB(©)l to
Moreover, the role of the thermal activation of the molecular coordinates is evidenced through the calculations
of the ground and triplet potential energy surfaces (PESs) at DFT and CIS levels. A simple model, based on
the Sandros equation, was derived to include the influence of such torsional modes on the energy-transfer
behavior. Finally, the experimental quenching data were fitted to this model, leading to the conclusion that,
although both &N double bond and €C single bond torsions occur during the sensitization, the thermal
activation of C-C single bond torsion plays the major role in the NVET character of oxime derivatives.

Introduction Ky @)
Molecular photosensitization through energy transfer repre- k= 1+ ex +AG)

sents an important process in the chemistry of life and thus has RT

led to a great interest. Among the different ways for energy to \yhereAG is the difference between the acceptor triplet energy,

transfer from one molecule to another, tripiéfiplet energy A 5,4 the donor triplet energ®. From this equation, it can

transfer via an exchange mechanism rli)gév%\]/een free diffusingpe seen that a reduction of the donor triplet energy (less than 3

species has received considerable atte : kcal/mol above the acceptor triplet state) causes a drastic

The excited energy level of the triplet state can be estimated o rease of the rate constant as a consequence of its exponential
by spectroscopic methods such as conventional absorptlondependence onG.

(heavy atom perturbation) or luminesceréé&.1* Unfortunately, However, different systems depart from this descrigtiéh

such determinations failed for the oximes studied, which it rate constants in the endothermic region, which decrease

required a systematic use of sensitization experiments 10 e Jess dramatically than expected from eq 1. This behavior,
investigate their triplet states. This process can be described bYiarmed nonvertical energy transfer (NVET), was already

i i 10 . h . . .
the following mechanisrf: observed on stilbene or biphenyl derivatives and was ascribed
to the geometrical change of the molecule between the ground

SCHEME 1 and the excited states. This has been the subject of many
3 ki o Kep 3. K 3 discussions over the last four decadei!l-12.16
D+A ﬁ ['D---A] ﬁ [D-"A] —D +"A In a previous paper, the lowest triplet state©eficyloximes

have been studied by means of laser absorption spectrotopy.
where kg, k_g, ken and k_en stand for the rate constants of Besides the fact that the acyl moiety has no influence on the

formation and dissociation of the encounter complex and the triPlet energy, quenching experiments have revealed a clear
rate constants of energy transfer and back energy transfer,NVET behawor_for some of the molecule_s. Indeeq,the Sandros
respectively. Assuming thét e, andkenare higher than the other mo_del for the triplet energy transfer applled only in the case of
rate constants, the Sandros equation, which involves a Boltz-'19id chromophores (fluorenon®-acyloxime) but does not fit
mann distribution of the two triplets in the encounter complex, the experimental results obtained with flexible molecules
can be applied® This simple theory, used routinely as a guide (&cétophenon®-acyloxime). Therefore, a first set of com-

for classical behavior, leads to the following equation for the Pounds was used to clarify the behavior of oximes toward
quenching rate constarky: energy-transfer reaction, showing that two molecular rearrange-

ments,t system flattening and €N bond twist in the triplet
* To whom correspondence should be addressed. E-mail: X.Allonas@ State, are particularly important to affect the NVET character
uha.fr. Tel: (-33) 3 8933 6874. Fax:+33) 3 8933 6895. of the oximes'8
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SCHEME 2 operating at 10 Hz that delivers nanosecond pulses at 355 nm
R _ L with an energy about 500 mJ. The laser pumps an optical
a : indanone-oxime (n=1) . b . .
| e : toralone-oxime (a =2) parametric oscillator (Sunlite, Continuum) that generates narrow-
/50 R-H: ' ) band radiation in the visible and the near-infrared spectral region.
4 IIla : acetophenone-oxime (n = 0) . .
N e b N e After frequency doubling (FX1, Continuum), the wavelength
5 Va + benzosuberone-oxime (1= 3) is tunable from 225 to 1800 nm with an energy about 50 mJ at
' 2 550 nm. The transient absorption analysis system (LP900,
To - indanone O-methyloxime (n=1) Edinburgh Instruments) uses a 450 W pulsed xenon arc lamp,
N r-cuy:| [ ietwlone O-methyloxime (0=2) a Czerny-Turner monochromator, a fast photomultiplier, and a
HIb : acetophenone O-methyloxime (n = 0) transient digitizer (TDS 340, Tektronix). This experimental setup
IVd : benzosuberone O-methyloxime (n = 3) is characterized by an instrumental response equal to 7 ns. All

of the experiments were made in argon-saturated benzene

The aim of this paper is to control, by cyclization, the dihedral solution (spectroscopic grade, Fluka), except for the ground-
angle between the CN double bond and the phenyl ring of state absorption spectra that were made in acetonitrile (spec-
acetophenoneoxime derivatives and to explore the behavior troscopic grade, Fluka).
of such compounds through energy-transfer experiments. The = Computational Procedure. All quantum calculations were
influence of the distortion of the system in the ground-state  carried out using MOPAC 62 for semiempirical methods or
molecule can thus be clearly examined. Successful attempts weresaussian 94W suite of prografidor ab initio calculations.
made to relate experimental data to the results obtained byRelaxed ground- and lowest triplet-state structures were first
molecular modeling. Therefore, a simple model for NVET that optimized using AM1 method. The resulting geometry for each
takes into account the geometry changes involved in the energy-of these electronic states was optimized at the HF level

transfer reaction with oxime derivatives will be proposed. employing the 6-31G basis set. Further optimization was finally
achieved using the B3LYP functional with the diffuse and
Experimental Section polarized augmented basis set 6+&(d). All of the optimized

) ) ) o geometries were frequency checked. Potential energy surfaces
Synthesis of the OximesAll oximes used in this study were  \yere computed using the B3LYP/6-8G(d) method with a
synthesized from their parent ketones according to a procedurégomplete optimization of all geometrical parameters except the
similar to that found in the literatutand are shown in Scheme  constrained dihedral angles (C2C3NO) orf8 (C1C2C3N).
2. A total of 5 mmol of the starting ketone and 6 mmol of = gpectroscopic triplet energies corresponding to these structures
sodium hydroxide were mixed in 1 mL of ethanol and 2.5 ML are computed at both DFT and CIS levels. Zero-point energy
of water. Hydroxyoximes were prepared by adding 3 mmol of (zpg) terms were calculated from frequency calculations carried

hydroxylamine sulfate, and meth@-oximes were prepared by oyt at RHF or UHF/6-33G(d) levels of theory.
adding 6 mmol of methoxylamine hydrochloride. The mixture

was stirred and refluxed for 2 h, extracted with ether, and dried
with magnesium sulfate. The ether was removed under vacuum,

and the oximes were crystallized from toluene and then  Triplet Energy Transfer Experiments. A glance at the

Results and Discussion

sublimated before used. literature shows that planarr* triplet states or m* triplet states

The isomeric form of the oximes was characterized46y undergo vertical transition. In this work, the triplet donors were
NMR spectroscopy. Only one form was observed corresponding selected to meet this condition; as a consequence, nonvertical
to the E isomef%22 1-Indanone oximeld): white crystal; character can only result from the acceptor properties. The
Amax = 252 nm;*H RMN (CDCl) 6 (ppm) 3.02 (m, 4H), 7.3 results concerning the quenching experiments of triplet donors
(m, 3H), 7.7 (d, 1H), 9.42 (s, 1H). 1-Tetralone oximé&ay: with well-defined energy levels are collected in Table 1.
white crystal;Amax = 251 nm;*H RMN (CDCl) 6 (ppm) 1.95 Despite the well-known example ofs- andtrans-stilbenel 35
(m, 2H), 2.80 (t, 2H), 2.92 (t, 2H), 7.27 (m, 3H), 7.97 (d, 1H), the treatments of NVET remain rather scarce in the literature.
10.30 (s, 1H). 1-Acetophenone oximilg): white crystal;  Therefore, the explanation of this phenomenon remains an

max = 245 nm;*H RMN (CDCl) 6 (ppm) 2.35 (s, 3H), 7.42  exciting topic. The low slope of the quenching curves has led
(m, 3H), 7.65 (m, 2H), 10 (s, 1H). 1-Benzosuberone oxime some authors to introduce an empirical parameter in the Sandros
(Iva): white crystalimax= 236 nm;'H RMN (CDCls;) 6 (ppm) equation, but without supporting any theoretical backgrotind.
1.65 (t, 2H), 1.81 (t, 2H), 2.74 (m, 4H), 7.14 (d, 1H), 7.29 (M, Furthermore, the idea that electron transfer (ET) and energy
2H), 7.42 (d, 1H). 1-Indanon®-methyl oxime (b): colorless  transfer (TT) are two conceptually related processes governed
liquid; Amax= 257 nm;*H RMN (CDCl;) 6 (ppm) 2.87 (t, 2H), by the same theory of radiationless transition has led other
3.01(t, 2H), 3.99 (s, 3H), 7.30 (m, 3H), 7.70 (d, 1H). 1-Tetralone groups to use different models based on Marcus ET th&dy.

O-methyl oxime (Ib): colorless liquid;Amax = 262 nm;*H Although this latter model was proved to account very well for
RMN (CDCls) 6 (ppm) 1.84 (g, 2H), 2.72 (t, 4H), 3.99 (s, 3H),  the experimental data ¢fans andcis-stilbene? as well as for
7.21 (m, 3H), 7.98 (d, 1H). 1-Acetophenofemethyl oxime  azobenzen®, the large number of spectroscopic parameters
(b ): colorless liquid;Amax = 250 nm;*H RMN (CDCls) 6 required and the assumptions that have to be made on the
(ppm) 2.33 (s, 3H), 4.0 (s, 3H), 7.37 (m, 3H), 7.63 (M, 2H). relative contribution of the relevant coordinates prevent any
1-Benzosuberon@®-methyl oxime (Vb): colorless liquid;  extensive use on most different systems. Therefore, in our case,

Amax = 241 nm;*H RMN (CDCL) 6 (ppm) 1.61 (g, 2H), 1.76  the quenching rate constants were fitted with the classical
(9, 2H), 2.65 (t, 2H), 2.74 (t, 2H), 3.98 (s, 3H), 7.12 (d, 1H), Agmon-Levine—Balzani (ALB) model, which is known to give
7.25 (m, 2H), 7.40 (d, 1H). reliable result$:28-30 Within this framework and assuming the

Laser Setup.The nanosecond transient absorption setup is mechanism described in Scheme 1, the quenching rate constant,
based on a pulsed Nd:YAG laser (Powerlite 9010, Continuum) kg, can be written as
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TABLE 1: Triplet Energies, EZ, of the Donors Used and Quenching Rate Constant&,, Obtained in Benzene for the
Quenching of Various Donors By the Oximes Studied

log (ky)
E? (kJ/mol) la Ib lla lb lia lib IVa IVb
xanthone 310 9.8 9.86 9.8 9.87 9.75 9.8 9.8 9.57
4,4-dimethoxybenzophenone 292 9.6 9.64 9.58 9.4 9 8.99
benzophenone 287 9.52 9.45 9.46 9.45 9.4 9.34 8.75 8.62
phenanthrene 260 9.18 9.37 9.1 9.33 8.73 8.97 7.57 7.73
4-phenylbenzophenone 255 9.1 9.11 9 9.13 8.57 8.76 7.5 7.76
9-cyanophenanthrene 243 8.16 8.63 8.4 8.95 7.81 8.36 6.6 7.13
chrysene 238 7.38 7.72 7.76 8.27 7.16 7.62 6 6.58
TABLE 2: Results Obtained from the Sandros and ALB
O Models for the Energy-Transfer Reaction with the Oximes
- Studied
Sandros ALB
oxime E? (kd/mol) EP (kd/mol) K (x107°s) AGH#0) (kJ/mol)
< la 252+ 15 248+19 0.83+ 0.4 7.8+£2
et lla 251+1.8 238+5.9 0.95+ 0.5 12+ 3.5
= Ila 256+ 2.4 240+5 1.16+ 0.7 15+ 35
» Ja IVa 265+ 2.7 242+ 6 12 21+2
7 4 e IIa Ib 250+ 15 244+29 0.77+£0.4 7.3£3
Ilb 248+ 1.6 229+ 17 0.97+0.7 13+ 7.5
4 llla b 252423 232413  0.840.7 154+ 6.5
6 v [Va IVb 261+ 3.2 220+ 10 s 27+ 3.5
aValues fixed to reach a convergence.
T T T T T T T ! )
240 260 280 300 320 TABLE 3: Molecular Coordinates of the Different Oximes
EP (kJ/mol) Used in the Relaxed Ground and Triplet States Obtained

with the (U)B3LYP/6-31+G(d) Method

Figure 1. Plots of the quenching rate constants vs the donor triplet

energy and corresponding best fits obtained applying the ALB model dihedral angle bond length rte!alxetd
for hydroxyoximes. A Sandros best fit is also reported in dotted line spin density 'P'€
p y
for la. compound o p C—C C=N ——— energy
(electronic state) (deg) (deg) (A) (A) C N  (kJ/mol)
_ Ky la (So) 180 0.0 1.468 1.283
k=% (2) la (Ty) 96.4 59 1420 1.389 0.70 0.81 213
1494 ex L‘G) lla (So) 179.4 110 1484 1.289
ken RT lla (Ty1) 957 0.6 1.426 1.401 0.72 0.82 203
Illa (So) 179.6 20.4 1.488 1.288
whereke,, is expressed according to the classical model of the llla (T:) 938 28 1.430 1403 0.77 0.825 205
IVa (S) 177.8 42.8 1.491 1.288
absolute rate theory by I\Va (T.)  —98.4 115 1.437 1.407 0.80 0.82 211
#)
Ko = k(e) ex _AG) (3) the E? values obtained for these molecules from the ALB
noooen RT model are always lower than the Sandros results. An interesting

o " _ feature is that similaE? values were obtained for all of the
ke, andAG* are the preexponential factor and the standard free compounds studied, the variation being about 10 kJ for

_activation energy, respectively. The key p(_)int_in this treatment hydroxyloximes and 20 kJ for methyloximes. Despite the
is the relationship betweeAG” and AG, which is given by strongly different quenching curves, these closely related
" molecules are expected to have similar triplet energy levels
AGY = AG + AG'(0) inl1 + _AGIn2 (Table 3). In a former papéf,it was observed that for different
= ex 4) ; ! ) ;
In2 AG#(O) O-acyl-substituted oximes, the acyl moiety has only a slight
effect on the triplet energy and the orbitals involved in the S
whereAG*(0) is the reorganizational intrinsic barrier related to Ti transition were localized on the oxime moiety. In the present
the changes in nuclear positions that have to occur prior the case, replacing the hydrogen atom by a methyl group slightly
energy transfer. decreases the triplet energy level, but no significant change of
Both Sandros and ALB models were used to fit the the slope in the endergonic region was observed. Therefore,
experimental data. Figure 1 shows the different fits obtained the ALB model appears to describe fairly well the quenching
for the hydroxyoximes, and the entire results are gathered in plots, with deduceoE? values that are consistent with the

Table 2. In the case of the indanone oxime derivatieeand structure of the compounds. The difference between both models
Ib, the fits obtained with the Sandros model agree satisfactorily can be ascribed to an increase of the NVET character frajm
with the experimental results. The triplet energi5§, ob- to IVa,b, which is not accounted for by the Sandros model.

tained from Sandros and ALB models are also very close for Because very cIosE? values were found for the different
these two compounds. These facts clearly support a verticaloximes studied, the NVET character cannot be ascribed to
behavior for these derivatives. energy level changes and will be related to geometric changes.

For the other compounds, the Sandros model poorly describedIt could be seen from Figure 1 and Table 2, at least qualitatively,
the experimental data, contrary to the ALB treatment. Indeed, that the nonvertical character is related to A@*(0) parameter.
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a) TABLE 4: Calculated Energy Values for the Torsion in the
Ground State, Eior(0) along a and E;(f) along 8, to Reach
XL B the Corresponding Triplet-State Geometry
A o AM1 B3LYP/6-31+G(d)
N——
ON\ c\ Etor(a) Etor(ﬂ) Etor(a) Etor(ﬂ)
H H molecule  (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
b) la 95.5 0.33 229.4 0.2 (0.3
Ib 95.1 0.33
o H lla 90.6 0.88 236.2 0.5 (0%p
%s-Q—E:& H = IIb 89.8 0.84
Illa 102.0 3.14 229.9 0.2 (®p
. . . b 101.8 3.33
Figure 2. Molecular geometry of acetophenone oxitfla in (a) the IVa 103.2 7.7 261.2 11.3 12p
ground state and (b) the relaxed triplet state. Vb 102.4 9.1

The values were found to strongly vary from 7.3 kJ/molifor # ZPE-corrected values.

to 27.0 kJ/mol folVb as a consequence of the decrease of the

slope in the endergonic region. Therefore, in the following, 2/0ng the C3N bond. The consequence of such structural

AG*(0) will be used as an empirical measurement of the NVET changes on the NVET character will be now discussed in detail.

character. Thermal Bond Activation Mechanism. The NVET phe-
Ground- and Triplet-States Equilibrium Structures. De- nomenon is generally observed for flexible molecules that have

spite the qualitatively good equilibrium structures obtained with different relaxed ground- and triplet-state conformations. To
the AM1 Hamiltonian, it is more convenient to focus the explain such an effect, it was suggested that molecules can
discussion on the B3LYP/6-31G* results obtained only with ~ €xplore different configurations within the encounter complex
hydroxyoximes Ia to IVa), the difference betwee®-methyl- to reduce the energetic requirement of the proé€ss?
substituted oximes and hydroxyoximes being not significant. It However, some authors have argued that NVET involves no
was found that for hydroxyoximes (Table 3) the dihedral angle greater geometric distortions than those corresponding to
o (C2C3NO) is about 180in the ground state whereas the ~SPectroscopic transitiort. These two points of view can be
dihedral anglg8 (C1C2C3N) varies from0(la) to 42.8 (IVa). u_n|f|ed assuming vertical transitions from dlffergnt conforma-
As expected, this effect is ascribed to the different bridges tions of the acceptor molecule that are accessible by thermal
introduced in the basic structure of acetophenone oxiltee, activation; such a hot-band mechanism has already been invoked

|ndeed’ the five-membered ring Gf gives a p|anar geometry to eXpIain the NVET behavior of stilbene derivativies?:11.16
at the ground state, in contrast to the six- or seven-memberedSome thermally activated structures can be reached for which
ring systems ofla andIVa, respectively, which distorted the ~ the transition energy to the triplet state is lower than the
planarity of thexr system. As observed in a previous wéfk,  SPectroscopic one. Depending on the energy available from the
the flexible structure oflla exhibits an intermediate twisted ~donor, only a part of the thermally activated molecules can be
geometry,8 being 20.4. promoted to their triplet state. Therefore, the quenching rate
As it can be seen in Figure 2, the situation is by far different constant is expected to decrease much more slowly when
in the triplet state. Considering that an electron is promoted 9eometric changes are involved for the transition, leading to a
from the G-N x bonding orbital to the corresponding* clear NVET behavior. From this point of view, the NVET
antibonding orbital, torsion of this bond should occur to avoid character is strongly connected to the relevant geometry
singly occupied orbital interaction. Therefore,varies from  changes:#118For stilbene derivatives, it has been supposed
about 180 to around 95 (Table 3), with a spin density mainly ~ that the double-bond torsion plays the major role in this
distributed on the C3 and N atoms (about-6078 on each activation. In the present study, a detailed investigation of the
atom). This gives a manifest biradical character to the triplet influence of the structural changes occurring during the sensi-
state, as already mentioned in the literatth@his situation is tized transition is expected to bring out some useful information
very similar to that observed for olefin triplet stat8$? In about the specific behavior of oxime derivatives toward triplet
addition, 8 was found to decrease in the triplet state, ranging €nergy transfer.
from 0.6 (Ila) to 11.5 (IVa), leading to a more planar structure A first approach to examine the NVET assumes that, if the
of the carbon skeleton. This fact can be accounted for by a thermal activation of some coordinates can be operative, the
stabilization due to the delocalization of the lone electron of character of the NVET should be connected with the energy
the carbon atom with a flattening of carbon skeleton. This effect associated with the relevant change in geometry, thai@(0)
is reflected in this spin density, which decreases it the should be related to the energy of torsi&y, required to twist
triplet state. Moreover, an important decrease of the-C2 the considered dihedral angle from its ground-state to its triplet-
bond length underlines this delocalization, giving to this bond State valué? It is therefore reasonable to assume that a large
a partial double-bond character (Table 3). change ok, can cause a large variation in the NVET behavior.
The relaxed triplet energies were computed as the energy On the basis of the two important conformational changes
difference between the relaxed triplet and ground states. DFT previously underlined between the ground and the triplet states,
methods have been shown to give reliable values in the case ofthe energy differences;,,, were computed for both. and
polyolefin triplet-state calculatior®8:32In the present case, the dihedral angles (respectivelyEo(a) and Ew(8)) and for
values obtained (Table 3) are slightly lower than the experi- different compounds using the HF/AM1 method for all of the
mental ones (from~34 kJ/mol), a fact already noticed for oximes studied and the B3LYP/6-8BG* level for the hydroxy-
polyenes? oximes. The results are gathered in Table 4. ERda) values
From these results, it appears that two main structural changesare very similar for all of the compounds studied, spanning from
occur between the relaxed ground and triplet states: a decreas®0 to 100 kJ/mol at the AM1 level and from 230 to 260 kJ/mol
of 3, which leads to a more planar carbon skeleton, and a twist at the B3LYP level. The difference between the results obtained
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Figure 3. Plot of the torsion energ¥:., associated with the variation o, ( degree)

of 5 in the ground state as a function of the reorganizational intrinsic

energy,AG*(0). Figure 4. Potential energy surfaces for hydroxyoximes along the
double-bond coordinatey.
with the calculations is ascribed to the poorest description of . .
the electronic repulsion of the twisted geometry= 270° at from 180" to 270 requires, in the ground state, about 230
the AM1 level. However, both methods show qualitatively that 260 kJ/mol. Frqm thg spectroscopic triplet state, the same torsion
the Eo0) values are very similar, in contrast to the5¥(0) leads to a stab|I|zat|on of 47, 59, 53, and 61 kJ/moII_&)rIIa, _
values, which vary strongly. This clearly demonstrates the lack !ll& » andIVa, respectively, at the DFT level. From Figure 4, it
of correlation betweelEo(c) and AG¥0). can be.observed that thermal activation at room temperature
(assuming 5 kJ/mol of thermal activation) does not lead to a
large exploration of the ground-state curve. Indeed, one can
expect a variation of abouteq == 10° around the equilibrium
geometry. The decrease in the triplet-state curve associated with
this variation ofa is less than 1.0 kJ/mol (excelpta. for which
the decrease is about 5 kJ/mol), a value that is negligible. For
sake of clarity, spectroscopic triplet energies at the CIS level
are not given in Figure 4, a similar effect being observed with
a decrease lower than 5 kJ/mol for all of the compounds studied.
Therefore, the overall decrease in the transition energy due to
‘ %" thermal activation only originates from the thermal energy
bond torsion mode and not on the double-bond one. A similar gaine in the ground state. Although this effect can be operative
concll_JS|on has bee?? deduced for_styrene derivatives from purelyiy some extent, this energy is too small to account alone for
experimental work? However, this approach, although it has e |arge variation in the NVET character exhibited by the
been shown to be qualitatively very useftiremains rather gitterent oximes studied. Moreover, it should be noticed from
crude and does not give any quantitative information about the gjq, e 4 that the PESs obtained for the different structures are
role of the thermal bond activation in this process. Moreover, very similar, although the NVET character is strongly dependent

it must be noticed that only thermally activated structures o ihe structure. This conclusion falls into line with the lack of
favored from the Boltzmann distribution law participate sig- ., relation betweerG#(0) andEqor().

nificantly in the sensitization reaction. From this point of view, The situation is by far different in the case of a single-bond
low values ofEi(f) compared toEio{a) favor this thermal 15 jon associated with thedihedral angle. Indeed, from Figure
activation, a fact that is in line with the clear correlation between 5, it can be seen that the corresponding PESs along the dihedral
Etor/f) and AGH(0). angle g for the hydroxyoximes are very different from one

Potential Energy Surface Associated with the Torsion  molecule to another. For triplet energies, both DFT and CIS
Coordinates.To test the validity of the thermal bond activation resuylts are given. The latter method systematically gives
mechanism involving an acceptor that is thermally activated spectroscopic triplet energies about 50 kJ/mol lower than the
along the relevant coordinates, the potential energy surfacesprFT method. However, a very similar evolution of the triplet
(PESs) corresponding to the above-mentioned bond torsionsenergies can be observed giving confidence to the results
were calculated for both ground and triplet states at the obtained in the variation dEr with 5 (Figure 5).
(U)B3LYP/6-31+G(d) level. These PESs were calculated by  |n the case ofa, the PES of the ground state can be fitted
constraining the relevant coordinates at different values andwith a parabola, reflecting the in-plane symmetry of the
calculating the corresponding ground and spectroscopic triplet molecule. The lowest triplet-state PES is nearly located at the
energies. Therefore, these energies quoted in Figures 4 and %ame molecular coordinate as the relaxed ground state. For the
are relative values with respect to the relaxed ground state Ofcorresponding spectroscopic states, the observed PES is also
each molecule. Calculations with the CIS method were also parabolic. For a thermal activation of 5 kJ/mol along the ground-
performed to get more insight in the variation of this spectro- state curve, a maximum variation of only 3 kJ/mol (computed
scopic parameter with. or f3. at DFT level and 2.5 kJ/mol at CIS level) of the energy required

Figure 4 shows the PESs along the double-bond torsion for for the transition can be observed strongly supporting the vertical
hydroxyoximesla to IVa. A 90° torsion of the double bond  behavior ofla andlb.

In contrast,Eq(3) values associated with a torsion algfig
increase with increasingG#(0), spanning from 0.33 to 9.1 kJ/
mol at the AML1 level, as shown in Figure 3. This clear
correlation betweek;(3) andAG*(0) indicates that the torsion
along the C1C2C3N single bond, and therefore the distortion
of thesr system, plays an important role in the NVET behavior
of oxime derivatives, albeit this correlation results from a crude
approach. The values obtained for hydroxyoximes using the DFT
method led to the same conclusion.

It appears that the NVET character depends on the single-
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Figure 5. Potential energy surfaces for hydroxyoximés {o 1Va) along the single-bond coordinate;, (M) S level; (a) T, CIS level; @) T,
DFT level.

The PES profile of the triplet state dfa is qualitatively can change the transition energy, one should say that the ALB
similar to that of la. However, the ground-state PES is model used in the first part of this paper to dedtlﬁ?eis not
asymmetric and flatter. In a similar manner, a thermal activation capable of dealing explicitly with this effect. In the following,
of 5 kd/mol of the ground-state molecule leads to a variation of a simple model derived from the Sandros treatment is intro-
13 kJ/mol (computed at the DFT level and 10 kJ/mol at the duced. Indeed, for a vertical transition involving mainly one
CIS level) of the energetic requirement for the transition. ground-state conformationa, Ib), this treatment seems par-
Contrary tola, triplet energy transfer can occur from different ticularly adequaté®'825Therefore, an attempt was made to
ground-state conformations associated with different spectro-introduce into this model the specific effect of the conforma-
scopic triplet energies, resulting in a slight but significant tional distribution of the thermal population along a molecular
nonvertical character. coordinate.

This situation is more pronounced in the casdltz . The To rationalize such an approach, the PESs are assumed to be
equilibrium structures for the ground state and the triplet state described by parabolic curves. For the compounds studied, this
are, respectively? = 20.4* and 2.8. Indeed, the ground-state  assumption is valid in the case of a small activation through
PES flattens out with a double-well-like shape due to a nearly thermal energy. Therefore, at each angjleong the considered
freely rotating phenyl ring along the considered single bond. torsion mode, the enerdsr(6) required to reach the triplet curve
Therefore, thermal activation can populate a large number of is given by
different ground-state geometries, affecting the required excita-

Llon energy to reach the triplet state. A thermal activation of 5 E(0)=E, + le(g D 1 (60 — 05 )* (5)

J/mol can strongly affect the spectroscopic triplet energy of min 2 min 2 min
this compound with values of 290 and 255 kJ/mol corresponding
to 8 angles of O and 55, respectively, at CIS level. DFT results
predict a variation of 52 kJ/mol associated with a similar
modification of this dihedral angle. This important result
demonstrates how thermal activation of this bond torsion is of
great benefit for affecting the energy required for the transition.

This is exemplified in the case d&¥a. For this compound,
the ground-state PES presents a clear double-well behavior, th
conformation of higher energy being 5.8 kJ/mol more energetic 1. ., 1 )
than the stable conformation, with an 18 kJ/mol barrier. The Er(0) = By, +5D:0" — Sb(0 — AD) (6)
dihedral anglg for the more stable structure is located at 42.8
However, an important distribution of molecules can be assumedTherefore, using the simple Sandros expression for the rate
because of the low energy requirement associated with a constant of quenchind(0), at a given angle gives
variation. Moreover, the vertical energy is strongly related to

whereEr,,, corresponds to the difference between the minimum
of the triplet-state PES and that of the ground-state 6rg,
andég,,, are the values of the angles for the lowest energies of
the triplet- and the ground-state PESs, respectively barahd

bg are the corresponding coefficients of the parabolic PESs.
Working with A0 = 6g,,, — 07, leads to the following
eexpression:

this angle. For example, a thermal activation of about 5 kJ/mol ©) = Ky )
around the more stable ground-state structure is related to a kq o EL(0) — EP
variation of the spectroscopic energy of about 62 and 36 kJ/ 1+ ex %

mol at DFT and CIS levels, respectively.

As can be seen from these examples, a slight variation in 1o normalized populatiow(0), for each geometry is given
energy along of the ground-state molecule can greatly affect by the Boltzmann law:

the energetic requirement of the reaction allowing low-energy

donors to transfer the excitation energy to a part of the acceptor 1 )

molecules that are thermally activated enough. This character ~be(6 — 0 )

is therefore directly influenced by the shape and the respective exd — 2

positions of the §and T, PESs. Contrary to previous works RT

on stilbene derivatives, from the calculations performed along w(6) = (8)

o andg dihedral angles, it appears for oximes thatfHersion
should play the major role in the NVET behavior.

Rationalization of the Thermal Bond Activation Mecha- Zex —
nism. Although it is now clear that the thermal bond activation

1|o 6 —05 )
2 G Gmln

RT
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Figure 6. Examples of (a) triplet PESs exhibiting the same ground-
state equilibrium geometry and (b) corresponding quenching plots
according to the thermal bond activation model.

Taking into account the thermal population of each geometry
into the expression of the overall quenching rate constant,
leads to

Ky = ZW(G)kq(G) 9)

Figure 6 shows some curves simulated by using e¢ With
different profiles for the triplet PES. It can be seen that both
the topology and the position of PESs strongly affect the
qguenching plot. Similar curves for triplet and ground states
centered at the same coordinate (curv&d,, = 250 kJ/mol,

AO = 0° br = bg = 2 x 1072 kJ/ded) lead to a vertical
behavior. Thermal activation allows one to explore the ground-

Lalevee et al.
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Figure 7. Experimental data fitted by the model based on the thermal
bond activation mechanism.

TABLE 5: Calculated Values of the Parabolic Coefficients
Corresponding to the Torsions along the Dihedral Anglest
(C2C3NO) andf (C1C2C3Ny

double bond  single bond

C2C3NO C1C2C3N fitting parameters
be; br be; br be; br A0 B
oxime (x 1 kJ/ded) (x1? kJ/ded) (x1C kJ/ded) (deg) (kJ/mol)
la 5.8;—-1.2 2.1;4.1 5.6;7.8 36 260
lla 6.1,—-1.8 1.3;3.8 8.0;6.9 39 247
Ila 5.8;-1.3 0.3;4.4 0.99;5.6 45 250
IVa 6.4,—2.1 2.0;5.8 15;3.0 70 246

a Parameters deduced from the best fits with eg9.5

guenching data together with the best fits obtained from egs
5—9, and the results were collected in Table 5. In can be seen
that the model fits fairly well all of the data for each oxime
and perfectly accounts for the NVET character of the com-
pounds. In particular, data correspondindji® exhibit a change

in the curvature of the endergonic region that is well-reproduced
by the model.

It is interesting to note that very similar triplet energy levels
are obtained for the compounds studied despite the very different
guenching curves observed. These values are very consistent
with those obtained from the ALB model, being about14
kJ/mol higher than these latter. From a qualitative point of view,
the fitting results can be compared to those obtained by
molecular calculations. ThA® parameter increases from 36
to 7¢° from la to IVa; a similar trend is observed in the results
of molecular modeling with @0 value increasing from about

state surfaces but does not lead to any geometry from which0° to 43’ in the same series. The determined valuebrodind
the triplet state can be reached with a different energy. When bg can be compared to that obtained from the parabolic fit of

the equilibrium position of the triplet PES shifts along the
molecular coordinate (curve Er,,, = 250 kJ/mol, A0 = 40°,
br = bg = 2 x 1072 kJ/ded), the quenching plot flattens out

the PES calculated at the DFT level. From Table 5, it can be
seen that the agreement is better with values calculated from
the single-bond torsion than those for the double-bond one,

because all of the ground-state molecules do not have the samelemonstrating the importance of such mode in NVET character

probability of reaction depending on their conformation. Such
a situation is more pronounced when the coefficignof the
triplet state increases g decreases (curve 8y, = 250 kJ/
mol, AG = 0°, by = 3bg = 6 x 1072 kJ/ded). In this case,
because of a lowbg value, an important distribution of
molecules along is expected. Moreover, because of high

of oximes. For the compoundda andlIVa, a relatively good
agreement between calculated and fitting parameters can be
observed. Despite the relatively correct valuesdpfand bg,

for la andlla, the A8 values obtained by the fitting procedure
are found to be higher than those obtained from calculations.
Deviation between these values can be due to the slight influence

andA®# values, important changes of the energetic requirement of other geometrical distortions (€C or C=N bond length
for the process can be supposed. Such a situation leads to @hanges), which are actually neglected in the calculatidmsof

large distribution ofEt(0) values and therefore to a NVET

behavior characterized by a flattening out of the quenching plots.

The experimentak, data obtained for the hydroxyoximes
were fitted with this model. Figure 7 shows the relevant

and br. From a general point of view, the good agreement
assesses that this model, albeit rather simple, allows a proper
description of the effect of thermal bond activation on the NVET
character of the oximes studied.
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Conclusion

This paper outlines for the first time the NVET character of
different oxime derivatives in triplettriplet sensitization experi-

ments. The degree of NVET was probed through the value of

AG*(0) obtained by applying the ALB model. Calculations on

ground and triplet states reveal that double-bond torsion is

inefficient to explain the NVET behavior. On the contrary, it

was shown that thermal activation of single bond can lead to a

drastic modification of the spectroscopic triplet energy of the
acceptor and to a large NVET character for a flexible oxime.
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