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The photochromic behavior of 2,2-di(4-fluorophenyl)-6-methoxy-2H-1-chromene has been investi-
gated by 19F NMR spectroscopy. Photocoloration under UV irradiation at low temperature led to
the formation of three interconverting photoisomers including two merocyanines and an unprec-
edented allenyl-phenol isomer. Photobleaching with visible light, which was known to lead to
reversion to the initial closed chromene, was shown to increase allenyl-phenol concentration.
Thermal relaxation of the preirradiated system was also studied at various temperatures. In each
case (UV and visible irradiations, thermal isomerization), the kinetics of each of the four species
was monitored. Numerical analysis of concentration vs time profiles enabled us to unequivocally
establish the global mechanism occurring in each of the experimental conditions and to interpret
the specific reactivity of each photoisomer. It has been shown that, among the 12 possible
isomerization processes, only some paths were active. For the first time, it has been possible to
determine their corresponding thermal activation parameters and photochemical quantum yield
ratios.

Introduction

Photochromic molecules have received great attention
in recent years due to their potential applications in
variable transmission glasses, in high-density optical
storage and switching, and in some attempts to manu-
facture light-driven molecular motors.1-5 However, the
mechanisms used by multi-isomeric photochromic com-
pounds remain unclear. Among photochromic molecules
involving multi-isomeric systems, benzopyrans (also known
as chromenes) are a promising class of compounds.
Becker and Michl first reported them in 1966.6 UV
irradiation of the colorless chromene proceeds through
C-O bond cleavage, producing a distribution of orange
to red isomeric open forms (merocyanines), which are
thought to be thermally and/or photochemically reverted
to the original benzopyran. In the presence of such
complex systems, multiwavelength absorbance vs time
matrixes are not a sufficient source of mechanistic
information7 because spectral overlapping between sev-

eral photoisomers impedes the unequivocal extraction of
the photoconversion quantum yields and molar absorp-
tion coefficients.

Recently, by use of 19F high-resolution NMR spectro-
scopy, we showed that irradiation of the 2,2-di(4-fluo-
rophenyl)-6-methoxy-2H-1-chromene (FC or fluorochro-
mene) generated, besides the two expected open mero-
cyanines (the transoid-cis (TC) and the transoid-trans
(TT) forms), an o-allenyl-p-methoxyphenol (AP).8 This
compound had never been detected by any other method
before, despite numerous investigations on benzo- and
naphthopyran compounds.9-18 We think that it is worth
investigating the kinetic behavior of this photochromic
benzopyran since the involvement of an allenyl-phenol
side product (AP) has recently been demonstrated to be
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general as it has also been reported in nonfluorinated
compounds.19 The kinetics of this fluorochromene were
investigated at low temperature under continuous UV
and visible irradiation, while thermal relaxations in the
dark at various temperatures have also been monitored.
The purpose of these experiments was to obtain very
accurate concentration vs time profiles, from which we
carried out an extended kinetic analysis to identify the
isomeric forms and to determine which isomerization
pathways occurred in a given experimental situation. In
previous works, there are several examples of intercon-
version processes between photochromic isomers,20-23 but
a quantitative analysis of a four-species photochromic
system has, until now, never been published. For this
purpose, we considered that Scheme 1 was the most
general form for a four-isomer system in which every
componentsthe 2,2-di(4-fluorophenyl)-6-methoxy-2H-1-
chromene (FC), the two open merocyanines (TC and TT),
and the APsis assumed to react either thermally or
photochemically to form every other component.24

Such four-component interconverting systems have
been used to describe enzyme folding25 in biochemical
literature. They are modeled by a set of linear differential
equations

giving rise to multiexponential relaxations.

However, if the isomerizations are photochemically
induced, it is possible that inner filter effects induce
variations in the photokinetic factor, so giving rise to
more complex kinetic rate laws. We have shown that the
use of simultaneous nonlinear least-squares fitting of the
four-species concentration vs time profiles provides un-
ambiguous information about the location and the rela-
tive strengths of the various photochemical and thermal
isomerization pathways.

In this paper, on the basis of Scheme 1, we quantita-
tively analyzed all the possible photochemical and ther-
mal isomerization processes among the four identified
long-lived fluorine-containing species, which are able to
accumulate sufficiently.26

Results and Discussion

UV and Visible Irradiation at Low Temperature.
The UV irradiation of a solution of 2,2-di(4-fluorophenyl)-
6-methoxy-2H-1-chromene (FC) in acetonitrile-d3 was
investigated at 228 K. At this temperature, there is no
noticeable thermal isomerization, so the evolution in the
photochromic system (the solution turns red) can only
be attributed to UV-induced photochemical processes.
Figure 1 shows the successive 19F NMR spectra recorded
under UV irradiation. The various photoisomers (pho-
tomerocyanine TT, TC, and AP) increase while the
starting FC decreases.8

In our experimental conditions, fluorine atom mass
balance was spontaneously respected and degradation
was negligible (i.e., less than 2%). The plots of the
photocoloration kinetics (Figure 2) show the simultaneous
evolution of the four isomeric species FC, TC, AP, and
TT. From this plot, homemade software27-29 was used to
perform kinetic analysis on the basis of Scheme 1. The
calculated evolution in concentrations was obtained by
numerical integration of the set of differential equations
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SCHEME 1. Mechanistic Model Showing All the
Possible Interconversion Paths between the Four
Isomersa

a vij are the apparent rates. For the sake of clarity, FC ) 1, TC
) 2, AP ) 3, TT ) 4.

d[Xi]

dt
) ∑

m)1

4

vmi - ∑
m)1

4

vim i ) 1-4 and m * i (1)

FIGURE 1. 19F NMR spectra of FC (-115.16) at 228 K. The
times indicated are the cumulated periods of UV irradiation.
The photoisomers produced are TT (-112.00; -112.80), TC
(-112.06; -113.11), and AP (-114.94 ppm).
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(eq 1). The photochemical rates30 vij are given by

By minimization of the residual quadratic error ø2

between the calculated and the NMR measured experi-
mental concentrations, only those processes remained
which were kinetically significant, indicating the location
of the photoactive pathways and delivering the corre-
sponding values of hij. We found that the fitting procedure
was very selective among the various possible processes.
The simulated kinetic curves were significantly distant
from their corresponding experimental data if some
important parameter was omitted or if the presence of a
forbidden pathway was artificially imposed (see Support-
ing Information for the details). Results are grouped in
Scheme 2 and Table 1.

Close examination of the results in Table 1 shows that
the major part of the photochemical reactivity of FC
concerns its photoconversion to TC. UV irradiation causes
C-O bond cleavage, leading to a sterically crowded cis-
cisoid isomer through a zwitterionic intermediate32 (non-
monitorable under our conditions) whose further rear-
rangement gives rise to TC. This path requires only a
C3-C4 one-bond rotation. From FC, minor paths to AP

and TT are also observed. On the other hand, absorption
of UV by TC induces the reverse reaction, i.e., ring closure
to FC. Also of importance is bond rotation around C4-
C4a, leading to the second merocyanine transoid isomer
TT. There is also a minor path to AP. As ΦAP/ΦTT from
FC ) 1.66 * ΦAP/ΦTT from TC ) 0.33, it is likely that
there is no common intermediate from FC and TC to TT
and AP. As for TT, it was found that its only photochemi-
cal isomerization was the C4-C4a bond rotation to TC.
More interesting is the complete lack of photoreactivity
from the newly discovered AP that is likely to be an
indication of some forbidden photochemical pathways.

Under visible light irradiation, the red solution is
bleached and, as illustrated in Figure 3, TC and TT
gradually disappear while AP increases.

Careful observation of the concentration vs time kinetic
curves (Figure 4) shows that only the two photomero-
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FIGURE 2. Photocoloration kinetics under UV irradiation
(signs are experimental concentrations, solid lines are best fits
from our model).

FIGURE 3. 19F NMR spectra of the photochromic mixture at
228 K during visible irradiation. The initial spectrum (t ) 0)
corresponds to the end of UV irradiation. The times indicated
are the cumulated periods of visible light irradiation.

SCHEME 2. Photoisomerization Processes
Occurring under UV Irradiation at 228 Ka

a The sizes of the arrows give a rough indication of the relative
quantum yield values.

TABLE 1. Apparent Photochemical Rates and Relative
Wavelength-Averaged Quantum Yields for Processes
Occurring under UV Irradiation31

relative quantum yields

process

apparent
photochemical
rate constants from FC from TC

FC f TC UVh12 ) 1.50 × 10-3 0.81
FC f AP UVh13 ) 2.16 × 10-4 0.12
FC f TT UVh14 ) 1.30 × 10-4 0.07
TC f FC UVh21 ) 6.22 × 10-4 0.46
TC f AP UVh23 ) 1.83 × 10-4 0.13
TC f TT UVh24 ) 5.50 × 10-4 0.41
TT f TC UVh42 ) 3.48 × 10-4

vij ) ΦijεilI0F[Xi] ) hij[Xi] (2)
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cyanines TC and TT were photoreactive but that they
did not follow mono- or multiexponential decays. They
appeared as zero order. This particular kinetic feature
has been accounted for by a strong variation in photo-
kinetic factor throughout visible irradiation.33

Only three photoisomerization paths were detected:
TC f FC, TC f AP, and TT f TC, confirming, as
expected, that FC and AP are not reactive under visible
irradiation due to the lack of visible absorption. (Scheme
3 and Table 2).

The predominant reaction appears to be the photoeno-
lization of TC (TC f AP). This reaction is likely to occur
via a [1,5]-hydrogen shift. In the TC isomer, this rear-
rangement is possible because there is a helical trienic
open chain (H3C3C4C4aC8aO), in which continuous overlap
can be maintained. Such geometrical requirements are

not possible within the TT structure. The absence of
photochemical pathway from TT f AP can then be
justified. The marked differences between TC reactivities
under UV and visible light (ΦFC/ ΦAP)UV ) 3.40 and (ΦFC/
ΦAP)vis ) 0.15 can be accounted for by the presence of
various vibrational levels within the excited state. The
visible photon only makes it possible to reach a less
energetic state from which ring closure to FC is less
favorable. Also less favorable is the photoisomerization
TC f TT, which was not detected under visible irradia-
tion.

Thermal Relaxations. When kept in the dark at
higher temperatures, there was slow but complete disap-
pearance of both merocyanines TT and TC and AP as well
as recovery of the initial FC. The recorded kinetics of the
thermal relaxation processes after UV + visible irradia-
tion (Figure 5) show the influence of temperature on the
relative amplitude and curvatures of the concentration
vs time profiles.

(33) In the photokinetic factor F ) (1-10-Abs′)/Abs′, Abs′ is the total
absorbance of the sample at the irradiation wavelength. If the
photoproducts do not absorb at the irradiation wavelength, the
photochemical rate reduces to vij ) Φij′I0(1-10-Abs′) with Abs′ ) (ε′TC-
[TC] + ε′TT[TT])l. In the first part of the evolution, as TC and TT remain
sufficiently high, the term 10-Abs′ f 0 while f 1 in the final part, hence
the zero-order-like kinetics.

FIGURE 4. Photobleaching kinetics under visible light ir-
radiation (signs are experimental concentrations, solid lines
are best fits from our model).

SCHEME 3. Photoisomerization Processes
Occurring under Visible Light Irradiation at 228
Ka

a The sizes of the arrows give a visual indication of the relative
values of the corresponding quantum yields.

FIGURE 5. Time evolution of concentrations of FC, TC, AP,
and TT at two different temperatures. Dots are experimental
data; continuous lines are fitted curves from the Scheme 4
model.

TABLE 2. Apparent Photochemical Rate Constants and
Wavelength-Averaged Relative Quantum Yields from TC
under Visible Irradiation

process

apparent
photochemical
rate constants

relative
quantum

yields from TC

TC f AP Vish23 ) 1.20 × 10-2 0.87
TC f FC Vish21 ) 1.79 × 10-3 0.13
TT f TC Vish42 ) 7.22 × 10-3
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These kinetics were also analyzed according to general
Scheme 1 where the rates vij were considered as thermal
terms, being equal to kij[Xi] where kij are the correspond-
ing first-order rate constants. Numerical fitting of the
whole set of kinetics showed that only four paths (among
the possible 12) were needed to account for all the various
temperature kinetic results. AP undergoes a slow ir-
reversible process to TC. TC is the only structure able to
be converted directly to FC by a single bond rotation and
acts as a key intermediate in the pathway from AP to
FC. On the contrary, the TT isomer, needing a double
bond rotation for reversion, does not proceed directly to
FC. The slightly transient TT concentration increase
indicates a slow equilibration process with TC (Scheme
4).

From the Eyring plots ln(kij/T) vs 1/T (Figure 6), the
standard entropy and enthalpy of activation, ∆Sq and
∆Hq, respectively, were obtained (Table 3).

The enthalpy of activation values agree with those
generally obtained for photochromic compounds (from
about 40 to 120 kJ mol-1).1,2,34 The highest ∆Hq values
correspond to processes coming from TC, while the lowest
corresponds to processes going to TC. ∆Sq values are more
difficult to interpret. This parameter can be considered
as the sum of two contributions: ∆Sq

intr from the reaction

itself and ∆Sq
solv from the rearrangement of the solvent.

Moreover, it can be argued that polar acetonitrile is more
oriented near polar open forms than near the less polar
closed forms. Higher positive ∆Sq

solv are therefore ex-
pected during the open to closed reactions rather than
during open to open rearrangements. This is a possible
explanation for the positive value found for the open to
closed TC f FC process. Among the remaining processes,
the lowest negative activation entropy is for AP f TC
isomerization. This reaction has already been shown in
a previous paper35 to occur via a [1,5]-sigmatropic hy-
drogen shift. According to the Woodward-Hoffmann
rules for sigmatropic rearrangements,36,37 the [1,5] mi-
gration of hydrogen involves a six-membered-ring (i.e.,
highly ordered) transition state in accordance with the
highly negative ∆Sq

intr. Because an odd number (3) of
pairs of electrons (two π bonds and a pair of π electrons)
are involved, the ground-state HOMO is symmetrical.
Then, the selection rules require that the [1,5]-hydrogen
shift suprafacial rearrangement occurs under thermal
conditions and is forbidden under photochemical condi-
tions in complete agreement with our conclusions (AP f
TC is thermal but not photochemical).

Analysis of the variations of the TC f TT (k24) and TT
f TC (k42) rate constants enabled us to estimate the
relative thermodynamic stability of the two photomero-
cyanine isomers. Although the equilibrium between TT
and TC was never reached in our experimental condi-
tions, the expected equilibrium constant can be calculated
from the kinetic rate constants of the reversible process.
We obtained a value [TT]/[TC]eq ) k24/k42 ) Keq, which
lies between ca. 15 and 50, depending on the tempera-
ture. This result confirms that the TT conformation is
more stable than the TC and that the free enthalpy ∆G°
is around 6.5 kJ mol-1 at 260 K.

Conclusions

For the first time, photocoloration under UV, photo-
bleaching by visible light, and thermal bleaching of a
fluorinated photochromic benzopyran have been inves-
tigated by 19F NMR spectroscopy. UV excitation of ring-
closed FC yields TC and TT merocyanine isomers, as well
as AP. On the basis of a quantitative measurement of
concentrations and subsequent numerical kinetic analy-
sis using a without a priori model, the most plausible

(34) Hobley, J.; Malatesta, V. Phys. Chem. Chem. Phys. 2000, 2, 57-
59.

(35) Delbaere, S.; Micheau, J.-C.; Teral, Y.; Bochu, C.; Campredon,
M.; Vermeersch, G. Photochem. Photobiol. 2001, 74, 694-699.

(36) Woodward, R. B.; Hoffmann, R. J. Am. Chem. Soc. 1965, 87,
395-397.

(37) Woodward, R. B.; Hoffmann, R. J. Am. Chem. Soc. 1965, 87,
2511-2513.

SCHEME 4. Thermal Processes Occurring during
Relaxationa

a The sizes of the arrows are a visual indication of the relative
values of the corresponding rate constants.

FIGURE 6. Eyring plots for the four thermal relaxation
processes.

TABLE 3. Standard Entropy and Enthalpy of
Activation, ∆Sq and ∆Hq, Calculated from Eyring’s
Equation

processes ∆Sq (J mol-1 K-1) ∆Hq (kJ mol-1)

TC f TT 27.5 ( 2.1 85.6 ( 4.2
TC f FC 20.7 ( 0.8 82.2 ( 2.2
TT f TC -61.3 ( 8.7 69.4 ( 5.0
AP f TC -106.7 ( 6.2 58.3 ( 1.3

∆Sq ) ∆Sq
intr + ∆Sq

solv (3)
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mechanism was deduced and the values of the relative
quantum yields were extracted. It was found that under
UV, the main photochemical process is the TC f FC
photoequilibrium.

However, both compounds also undergo some minor
rearrangements to TT and AP. AP has been shown not
to be photochemically reactive. Under visible light, only
the two merocyanines TT and TC are photochemically
reactive. TC is converted to both AP and ring-closed
chromene FC. Merocyanine TT is only photoisomerized
to TC.

Thermal bleaching relaxation was extensively studied
at various temperatures. The main path is isomerization
of the AP to the ring-closed chromene FC. This path
occurs in two steps, TC playing the role of intermediate.
But, TC has also been found to be involved in a pseu-
doequilibrium with TT. The relative stability of the two
photomerocyanines TC and TT has been determined, TT
conformation being more stable than TC. We think that
these results possess a general character and apply
whatever the detailed structure of the chromene under
investigation. Our conclusions will undoubtedly open the
way to further theoretical modeling of the chromene
photochromic reaction.

Experimental Section

Samples ([FC]0 ) 10-2 mol L-1 in CD3CN) were irradiated
directly in the NMR tube (5 mm) using a 1000 W Xe-Hg high-
pressure filtered short-arc lamp (Oriel), equipped with ad-

equate filters (Schott 011FG09, 259 < λ < 388 nm with λmax )
330 nm for UV irradiation, and Oriel 3-74, λ > 400 nm for
visible irradiation). Temperature was regulated with a home-
built apparatus described elsewhere.34 After irradiation, the
sample was transferred into the thermoregulated probe of a
Bruker Avance-DPX NMR spectrometer (1H, 300 MHz; 19F,
282 MHz). 1H and 19F NMR spectra at 228 K were recorded.
For thermal relaxation studies, only 19F NMR spectra were
recorded at regular intervals at higher selected temperatures
(235, 242.8, 244.8, 248.9, 253.2, 254.3, 259.4, 260.4, 261.7,
264.2 K).

Acknowledgment. The 300-MHz NMR facilities
were funded by the Région Nord-Pas de Calais (France),
the Ministère de l’Education Nationale, de l’Enseigne-
ment Supérieur et de la Recherche, and the Fonds
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